





THE EFFECT OF TURBULENCE ON SURVIVAL, DISPERSAL, AND SWIMMING 



















Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Civil Engineering 
in the Graduate College of the  










 Assistant Professor Rafael O. Tinoco, Chair 
 Professor Marcelo H. Garcia 
            Professor Gary Parker 
            Assistant Professor Piotr Cienciala 
            Dr. P. Ryan Jackson, US Geological Survey 






There is an urgent need to monitor and control the spread of invasive grass carp 
(Ctenopharyngodon idella) in North America. Grass carp are reproducing in tributaries to Lake 
Erie and control efforts targeting reproduction are greatly needed. Current strategies for their 
control and removal are costly and report mixed degrees of efficacy. However, an alternative 
way to monitor and control their spread consists of increasing capture and mortality rates during 
early life stages (i.e. eggs and larvae stages) when they are more susceptible to damage via 
enhanced flow turbulence levels and altered flow conditions. In order for these alternative 
strategies to be effective, is necessary to study the physics underlying the movement of eggs and 
larvae in streamflow, and to quantify the turbulence thresholds that trigger those behavioral and 
physiological effects. 
This study examines how early-life-stage grass carp interact with turbulent flows, how 
turbulence affects their survival, and whether turbulence-based control methods could work. An 
extensive series of laboratory experiments were conducted with live grass carp eggs and larvae in 
a grid-stirred turbulence tank and in a race-track flume to: a) explore the effect of turbulence 
intensity on egg mortality, and b) to document the behavioral response of grass carp larvae to 
spatially-variable, turbulent flows.  
A turbulence intensity threshold was identified, above which egg mortality substantially 
increased due to short- (10 seconds) and long-term (5 minutes) exposure at different turbulence 
levels. Larvae actively responded to changes in turbulence intensity and shear stresses produced 
by obstructions in the flow (e.g. rocks, piers, and submerged vegetation), avoiding areas of high 
shear and seeking low-turbulence, low-vorticity regions. These swimming capabilities were 
quantified by estimating burst swimming speeds and were correlated with the spatial 
distributions of turbulent kinetic energy, vorticity, and Reynolds stresses for future predictions of 
larvae dispersion on natural streams. 
This study produced a unique and extensive data set that may allow for the development 
of turbulence-based control methods for grass carp. Such control methods could include 
increasing egg mortality by increasing turbulence intensity through temporary and permanent in-
stream structures or using natural or modified hydrodynamics to attract, guide, and aggregate 
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CHAPTER 1: INTRODUCTION 
 
1.1. Research objectives 
Management measures to reduce population growth at spawning times have been 
proposed for the control of invasive fish populations at the early stages of life (i.e. egg and larval 
stages), by identifying survival and dispersal bottlenecks due to physical interactions as they are 
transported by the flow. In the case of North America, populations of invasive grass carp have 
been growing exponentially since their introduction since the 1970s, but only in the recent years, 
numerical tools (e.g. FluEgg (Garcia et al. 2013)) have been developed to support these 
management measures.  
FluEgg is capable of simulating the transport of fish eggs in fluvial environments from 
spawning locations in a Lagrangian framework, but simulations end when eggs hatch, and it does 
not account for egg survival rates or larval behavior. Hatching time is estimated based on the 
water temperature, and model does not inform mortality rates due to boundary interactions or 
increased levels of turbulence. Extensive analysis of experimental live-fish laboratory data is 
then needed to predict more precisely where grass carp eggs and larvae are more likely to be 
found in natural waterways. Some recent experiments used surrogate eggs (e.g. Garcia et al. 
2015b), lacking in documenting the hatching transition and the early behavior of larvae.  
The main objective of this research project is to study the transport of live grass carp eggs 
and larvae in turbulent flows on a controlled laboratory setup, asserting possible causes of egg 
mortality, and documenting the swimming behavior of larvae in the vertical and streamwise 
directions. 
 
Specific objectives include: 
 
• Examine enhanced flow turbulence as an alternative control strategy through turbulence-
induced mortality before the hatching transition. 
 
• Investigate preferential locations of larvae under altered flows to determine thresholds of 




• Understand larvae swimming capabilities as a response to flow conditions to expand 
prediction capabilities of numerical tools. 
 
The specific research questions addressed in this project are: 
 
• Is turbulence an external factor affecting grass carp egg survival? If so, what is the 
threshold turbulence and exposure time to damage egg’s membrane preventing a successful 
hatching? 
 
• Are grass carp larvae able to response to turbulent flows? Do they prefer or avoid 
turbulence? What are the desirable or undesirable levels of turbulence? 
 
• How does the presence of common in-stream obstructions (e.g. a bump, a bridge pier, or 
submerged vegetation) influence the dispersion and survival of eggs and larvae? Do the 
flow conditions generated by these obstructions affect the behavior of larvae? 
 
• What is the range of swimming speeds of larvae in altered turbulent flows, and what are the 















1.2. Literature review 
After being introduced in the United States in the 1970s for private aquaculture, grass 
carp and their relatives, the bigheaded carps (silver carp Hypophthalmichthys molitrix and big 
head carp H. nobilis) moved into the Mississippi River basin where they became well established 
and are now considered highly undesirable invaders (Fig 1.1) (Chick and Pegg 2001; Parker et 
al. 2016; Kočovský et al. 2018). Conversely, grass carp is a highly desirable species in their 
native rivers in China, where their populations have declined due in part to anthropogenic river 
modifications, such as large dam constructions (Chapman et al. 2016). In their native range, they 
are important culturally and economically as a food fish (Kočovský et al. 2018). 
 
 
Fig 1.1. Spread of bigheaded and grass carp in the US in 1970 (a), 1980 (b), 2017 (c). Source: 
https://nas.er.usgs.gov 
 
Grass carp is of particular ecological concern in North America for their rapid population 
growth and their high consumption capacity of aquatic vegetation (i.e. macrophytes) (Conover et 
al. 2007). They can consume up to 40% of their body weight per day (Laird and Page 1996). 
Grass carp have now reached the Laurentian Great Lakes (Chapman et al. 2013; Embke et al. 
2016) where desirable macrophytes are already in decline (Cudmore et al. 2017). Reduction of 
macrophytes may result in increase of turbidity and alkalinity, and depletion of dissolved oxygen 
(Lembi et al. 1978; Mitzner 1978; Leslie et al. 1983); as well as in direct degradation of the 
habitat of native fish species which depend upon macrophytes for all or part of their life cycle 
(Chilton and Muoneke 1992; Cudmore et al. 2017). 
Preventing the spread and negative effects of the presence of grass carp in North America 
has become an area of intense concern and a research subject among different disciplines 
(Cudmore et al. 2017; Wittmann et al. 2017; Wieringa et al. 2017; Jones et al. 2017; Gertzen et 
al. 2017). Several approaches to deter fish movements have been developed and tested such as: 
electric barriers, strobe lights, acoustic fish deterrents, bubble curtains, velocity barriers, oxygen 
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availability, pheromones, magnetic fields, and the use of chemicals (Noatch & Suski 2012, and 
references therein). However, none of them has effectively controlled the exponential growth and 
dispersal of grass carp. 
An alternative strategy to control the spread of grass carp, and reduce their population 
growth, is to identify survival and dispersal bottlenecks due to physical interactions between the 
early-life fish (i.e. eggs and larvae) and the riverine environment. George et al. (2015) showed a 
reduction in survival when eggs are buried in the riverbed, inferring that grass carp require 
turbulent-flowing water for reproduction with sufficient levels of turbulence to keep eggs afloat. 
Murphy and Jackson (2013) reported that flow velocities as low as 0.15 to 0.25 m/s in natural 
streams could maintain eggs in suspension.  
Regions of high mixing levels (e.g. river confluences, rapids, behind sandbars, over 
vegetation canopies and gravel beds) are often used as spawning grounds (Jennings 1988; 
Chapman 2006; Stainbrook et al. 2007; Garcia et al. 2013), and spawning of grass carp is 
proportional to the size and weight of the female, with an average spawn of 500,000 eggs for a 5 
kg female (Shireman and Smith 1983; Chilton and Muoneke 1992). Eggs develop and hatch 
while drifting in currents (Schrank and Guy 2002; Lamer et al. 2015; George et al. 2015), and 
can disperse in flow from the spawning site to as far as 180 km downstream (Fedorenko and 
Fraiser 1978). Dispersal distance can also be relatively short depending on temperature and flow 
conditions (Garcia et al. 2015a; Embke et al. 2019), so river-reaches as short as 25 km could 
allow enough length for hatching (Murphy and Jackson 2013).  
The dispersal of grass carp eggs in rivers has been simulated applying Advection-
Dispersion models (e.g. Fluvial Egg Drift Simulator “FluEgg” (Garcia et al. 2013)), given as: 
 
                   (1.1) 
 
The numerical approximation to the solution of this ADE equation is computed by 
applying the Random Walk method in the 3 dimensions within a fluvial environment of one-
dimensional discrete cells. These cells are defined by a width, length, and water depth, including 
the 3 components of flow velocity (i.e. longitudinal (u), transversal (v), and vertical (w)). The 
random displacements of each egg at every time step (Δt) is computed in the longitudinal and 




                                       (1.2) 
 
                                       (1.3) 
 
where R is a random factor from a normal distribution with mean zero and standard deviation 
one. KH is the longitudinal and transversal turbulent diffusion which depends on the shear 
velocity at every cell estimated by fitting the vertical velocity profile to the law of the wall. As 
we can see from the advective terms (i.e. uΔt and vΔt), the velocity of eggs is assumed to be the 
same as the flow velocity in these two components. 
Vertical displacements of eggs are a function of the vertical velocity component (w), the 
egg settling velocity (Vs), and the vertical turbulent diffusion (Kv) which is constant in x and y 
directions but varies with z. The vertical displacement of every egg in each time step is computed 
as: 
 
    (1.4) 
 
where  is the first derivative of the vertical turbulent diffusion (Kv) in the z direction and is 
computed in FluEgg as a function of z, using either of the following three functions: a constant 
depth-averaged, a parabolic, or a parabolic-constant profile. 
This discrete solution of the ADE equation is applied in FluEgg within a hydraulic model 
that in its current form is limited to flat bed scenarios, and considers reflective boundary 
conditions only. In the model, eggs are assumed to be in suspension as they are transported, 
which is true for flat bed conditions where vertical flow fluctuations overcome the egg settling 
speed, but may not be the best representation for a natural river system where in-stream 
obstructions, dead zones, or different flow velocities at the banks may be present. FluEgg 
simplifies the river as a rectangular channel with a specific bed resistance, and all these stream 
features that may affect both dispersal and mortality of eggs as observed in the flume 
experiments, are neglected. 
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FluEgg is used to determine probable spawning and hatching locations, and as the model 
predicts the position of every egg at each time step, it incorporates the changes in egg density 
and diameter based on time after spawning and water temperature. The fluvial environment 
considered by the model consists of one-dimensional discrete series of cells with reflective 
boundaries (Fig 1.2). The model has been successfully tested with field measurements over some 
Great Lakes tributaries: Sandusky River (Garcia et al. 2013) and Saint Joseph River (integrating 
HEC-RAS model data as river hydrodynamic input) (Garcia et al. 2015a). 
 
 
Fig 1.2. Conceptual schematic of variables and submodels included in FluEgg (figure from 
Garcia et al. 2013). 
 
The implementation of numerical models for egg transport motivated the carrying out of 
laboratory experiments for further validation and better understanding of the physical processes. 
Garcia et al. (2015b) used styrene plastic beads in a laboratory flume as surrogates to evaluate 
suspension and settling dynamics of grass carp eggs. They estimated the egg settling velocity and 
documented the vertical distribution of eggs under four different mean flow velocities (0.04, 
0.07, 0.2, 0.4 m/s). They reported that for the flow velocity of 0.07 m/s over a flat bed, about 
65% of the eggs remained in suspension (Fig 1.3a-b), which was almost half of the minimum 
velocity reported by Murphy and Jackson (2013) of 0.15 m/s to maintain eggs in suspension. 
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Garcia et al. (2015b) also used Hearn’s criteria (2008) for sediment to classify the eggs as 
suspended particles using the inverse of the Rouse number, 1/ZR, and dimensionless ratios 
between vertical turbulent intensities, friction velocities, and egg settling velocity. They found 




Fig 1.3. Vertical distributions of surrogate eggs at mean flow velocity of 0.07 m/s (a-b). 
Classification of surrogate eggs as suspended particles according to sediment transport criteria in 
flume experiments (c) (figure from Garcia et al. 2015b). 
 
Field studies were also conducted for egg collection and sampling on tributaries of the 
Great Lakes. Embke et al. (2016) reported “the first direct confirmation of grass carp spawning 
in a Great Lakes tributary”. In this field work, researchers struggled to collect even a few eggs 
using paired bongo nets of 0.5 m diameter during high-flow events on the Sandusky river. They 
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cast the nets just below the water surface for an interval of 5 minutes without considering 
sampling at lower depths where more accumulation of eggs can be expected as Garcia et al. 
(2015b) observed in their flume experiments. 
Later, George et al. (2017) estimated physical properties of real grass carp eggs, e.g. 
diameters, density, and terminal fall velocity. They reported that eggs begin to absorb water after 
fertilization (water-hardening period), increasing their size and decreasing their density over 
time. But once they are water-hardened, the egg size is fairly constant until hatching (Fig 1.4a). 
They estimated diameters (d) of water-hardened eggs of 4.5 ± 0.6 mm, terminal fall velocities 
(ws) of 0.74 ± 0.16 m/s (Fig 1.4b), and densities (ρs) of 999.87 ± 1.2 kg/m3 (Fig 1.4c). The 
estimated density shows that grass carp eggs can be heavy enough to sink in still water but light 
enough to remain in suspension at low flow velocities, thus potentially avoiding burial and 
abrasion with bed material. 
George et al. (2018) conducted more laboratory experiments, this time no longer with 
eggs but with live grass carp larvae, to observe swimming capabilities as a paramount factor in 
the dispersion of grass carp after hatching. George and Chapman (2015) described that larvae 
begin vertical swimming, which continues until Gas Bladder Inflation (GBI), when they swim 
horizontally maintaining a specific depth. George et al. (2018) estimated larvae swimming 
speeds at both pre-GBI and post-GBI stages. They reported speeds of “routine swimming” (or 
free swimming) which is defined as a spontaneous swimming in the absence of flow (Muller, 
2008), and “maximum swimming” (or intense short-term swimming) which is a burst swimming 
that can only be maintained for periods under 20 s (Beamish, 1978). For routine swimming, 
George et al. (2018) estimated mean vertical speeds pre-GBI of 0.024 ± 0.012 m/s (with 
downward velocity up to twice as fast as upwards velocity), and mean horizontal speeds post-
GBI of 6.6 x10-3 ± 7.7 x10-3 m/s. For maximum swimming, at 4 days post-hatch (post-GBI), the 





Fig 1.4. Measured diameter of Bighead Carp, Silver Carp, and Grass Carp eggs at different post-
fertilization times with an inset of a grass carp egg (a). Terminal fall velocity of Bighead Carp, 
Silver Carp, and Grass Carp at different times post-fertilization (b). Density of Bighead Carp, 





One possible improvement to a transport model such as FluEgg would be to couple the 
ADE equation with a more elaborated 3D fluvial environment that considers the river 
morphology, as well as the obstructions that a natural channel may have. Some members of the 
Environmental Fluid Mechanics group of the University of Toronto have been recently working 
on these kind of models, and developed a 3D Environmental Fluid Dynamic Code (EFDC) 
model of the lower Sandusky river with the Random Walk approximation built into (Heer et al. 
in review). This 3D model will certainly lead to more accurate transport predictions, and opens 
the doors also to the possibility of estimating the egg mortality due to turbulence, as it allows to 
compute more precisely the magnitudes of turbulence along the channel. 
Having an improved model with a more realistic fluvial environment, we can also think 
on including the simulation of the hatching transition and the transport of larvae at the early-life 
stages. As observed in the flume experiments, larvae showed a vertical swimming stage, and 
then after GBI, they showed horizontal swimming capabilities where they can maintain an 
elevation and also choose preferential locations depending on the flow conditions. These 
capabilities of larvae will definitely modify the Random Walk approximation that is being 
implemented for eggs. Larvae will no longer be advected at the same velocity with the flow in 
the longitudinal and transversal directions, as it is assumed for eggs (uΔt and vΔt), but they will 
have a relative velocity that can be estimated from the PTV analysis. However, results from this 
study are limited to the short width of the flume, thus swimming speeds will be characterized in 
the longitudinal and vertical directions, not in the transversal direction. To characterize speeds in 
the lateral direction, more experimentation is needed in a wider flume. 
For vertical displacements of larvae, the term considering the settling speed of eggs 
[ ] will no longer play a role for post-GBI larvae since they can maintain their 
elevation at the preferable location. The vertical movement would also be driven by their own 







1.3. Research plan 
In collaboration with the US Geological Survey (USGS), we have studied the transport of 
grass carp at egg and larval stages in open channels. The motivation to perform this study was to 
explore alternative strategies in the control of this fish species in North America, where they are 
considered problematic invaders. Hydrodynamic experiments with live grass carp eggs and 
larvae were conducted at the Ven Te Chow Hydrosystems Laboratory (VTCHL) at the 
University of Illinois in Urbana-Champaign. The Illinois Department of Natural Resources 
granted us the authorization to possess the live fish in the laboratory facility for research 
purposes only (Permit No. 18-050). 
Fish biologists from the USGS Columbia Environmental Research Center (CERC) in 
Columbia MO, were in charge of culturing the eggs at CERC and then take them to the VTCHL 
in Urbana IL. Initially two rounds of experiments were planned and conducted, the first one was 
in summer 2017, and the second one was in summer 2018. After these two rounds, we decided to 
do some extra tests directly at CERC in summer 2019. Measures were always taken to prevent 
release of the fish from the facilities, and waste water was disposed so as to prevent egg and 
larva escapement. MS-222 (tricaine methanesulfonate) was used to euthanize all surviving 
larvae. Remaining organic material was filtered and incinerated to prevent contamination and 
potential escapement of organic material.  
 The results from all rounds of experiments are reported in this document in 4 separate 
chapters: 
• CHAPTER 2: Survival and drifting patterns of grass carp eggs and larvae in response to 
interactions with flow and sediment in a laboratory flume.  
Settling velocity and density of a representative sample of eggs were estimated, and three 
trials of flume experiments with different flow conditions were conducted with live eggs 
in a temperature-controlled setting with a mobile sediment bed. In these trials, egg and 
larval stages were continuously analyzed over periods of 80 hours; and eggs and larvae 
interactions with the flow and sediment bed were monitored and characterized 
qualitatively and quantitatively. Survival rates were quantified after each trial, 
highlighting physical causes for increased mortality. Detailed flow analysis was 
correlated to the observed drifting and swimming behavior of eggs and larvae, to estimate 
distributions across the water depth, as well as traveling and swimming speeds. Evidence 
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of the influence of mean and turbulent flow in the suspension and transport of eggs are 
reported, and swimming patterns of larvae at different developmental stages are 
described. Chapter 2 has been published as Prada AF, George AE, Stahlschmidt BH, 
Chapman DC, Tinoco RO (2018) Survival and drifting patterns of grass carp eggs and 
larvae in response to interactions with flow and sediment in a laboratory flume. PLoS 
ONE 13(12):e0208326. https://doi.org/10.1371/journal.pone.0208326. 
 
• CHAPTER 3: Influence of turbulence and in-stream structures in the transport and 
survival of grass carp eggs and larvae at various developmental stages. 
A comprehensive set of hydrodynamic experiments was conducted with live grass carp 
eggs and larvae, to better understand their drifting and swimming patterns with 3 
different in-stream obstructions: (1) a gravel bump, (2) a single cylinder, and (3) 
submerged vegetation. The hydrodynamic behavior of eggs and larvae with each 
obstruction was continuously monitored for about 85 consecutive hours. Transient spatial 
distributions of the locations of eggs and larvae throughout the water column were 
generated for each flow scenario. Results show that the active swimming capabilities of 
larvae allow them to seek areas of low turbulence and low shear stresses, and that eggs 
are susceptible to damage by high levels of turbulence. Chapter 3 has been published as 
Prada AF, George AE, Stahlschmidt BH, Jackson PR, Chapman DC, Tinoco RO (2020) 
Influence of turbulence and in-stream structures on the transport and survival of grass 
carp eggs and larvae at various developmental stages. Aquat Sci 13(12):e0208326. 
https://doi.org/10.1007/s00027-019-0689-1. 
 
• CHAPTER 4: Lethal and sublethal effects of turbulence on grass carp eggs prior and 
after hatching. 
We examined enhanced flow turbulence levels as an alternative grass carp control 
strategy through turbulence-induced mortality. We used an oscillating grid-stirred 
turbulence tank to test several batches of pre-water-hardened and water-hardened grass 
carp eggs to find threshold values of turbulence and shear stresses that can cause 
immediate and post-hatching harm. A post-hatching inspection revealed larval 
abnormalities that ranged in severity from yolk sac deterioration, pericardial edema, and 
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underdevelopment to spinal deformities and missing heads.  Many of these 
malformations are lethal, and the others have potential long-term sublethal effects that 
reduce the fitness and competitive ability of the larvae. This susceptibility to mechanical 
damage at embryonic stages is a key factor in the design of alternatives that promote or 
reduce the trapping of grass carp eggs at high turbulence, thus affecting the probability of 
successful hatching in natural streams. Chapter 4 is under preparation for submission as a 
standalone publication. 
 
• CHAPTER 5: Turbulence as a barrier for invasive fish in rivers: A laboratory study on 
grass carp larvae. 
In addition to the long-term (4-days) tests documented in Chapter 5, shorter experimental 
series were conducted with the three different configurations built in the flume. We 
varied the flow velocities and water depths to study the swimming response of grass carp 
larvae in stage 38 (based on stages described by Yi et al. 1988 and George and Chapman 
2015). We found threshold values of turbulent kinetic energy and Reynolds stresses that 
triggered the response of larvae, and estimated horizontal and vertical swimming speeds 
for each flow condition. Increased levels of turbulence forced them to swim away from 
those, moving faster and spending more energy. These findings support the development 
of new strategies for monitoring the spread of grass carp eggs and larvae in rivers, as well 
as to the development of numerical tools for larvae transport in natural streams that 
consider their active swimming capabilities. Chapter 5 is under preparation for 











CHAPTER 2: SURVIVAL AND DRIFTING PATTERNS OF GRASS CARP EGGS AND 





Grass carp (Ctenopharyngodon idella) are native to eastern Asia, but they have been 
introduced and have become established in the central United States, where they are considered 
problematic invaders. In their native range, where wild populations are in severe decline 
(Chapman et al. 2016), they are important culturally and economically as a food fish (Kocovsky 
et al. 2018). 
The primary ecological effect of the introduction of grass carp is reduction in aquatic 
macrophytes (Cudmore et al. 2017, Garner 2008, Kirkagac and Demi 2003), which can be 
problematic where macrophytes are considered beneficial and where they serve as spawning 
locations and nursery habitat for native fishes. Grass carp have now invaded the Laurentian 
Great Lakes (Chapman et al 2013, Embke et al 2016) where desirable macrophytes are already in 
decline and where grass carp are predicted to become a nuisance (Cudmore et al. 2017). 
Forecasting the spread and effects of grass carp in the Great Lakes has become an area of intense 
concern and of research (Cudmore et al. 2017, Wittmann et al 2017, Wieringa et al 2017, Jones 
et al 2017, Gertzen et al 2017). Several approaches to deter fish movements have been tested: 
electric barriers, strobe lights, acoustic fish deterrents, bubble curtains, velocity barriers, oxygen 
availability, pheromones, magnetic fields, and the use of chemicals (Noatch and Suski 2012, and 
references therein).  
Management measures at spawning times could also be adopted to prevent recruitment 
and to reduce population growth, by identifying survival and dispersal bottlenecks due to 
physical interactions during early life stages. After ecosystem invasion, it is difficult or 
impossible to eradicate them, thus prevention becomes a more effective mitigation tactic.  
Grass carp and their relatives, the bigheaded carps (silver carp Hypophthalmichthys 
molitrix and big head carp H. nobilis) which are also considered highly undesirable invaders in 
the United States and highly beneficial in Asia, can spawn hundreds of thousands of eggs at a 
time in turbulent flows of large rivers and their tributaries. Eggs subsequently develop and hatch 
while drifting in the currents (Schrank and Guy 2002, Lamer et al 2015, George et al 2015). 
15 
 
Therefore, understanding grass carp and bigheaded carp response to flow and turbulence regimes 
at early life stages is fundamental to monitoring and controlling their dispersal and drift.  
Experiments on still water have found that egg survival is poor if they settle to the bottom 
and are buried in the sediment bed (e.g., George et al 2015b, Chapman and George 2011, George 
and Chapman 2015). Synthetic eggs have also been used in experiments to study egg transport 
under turbulent flow conditions, to evaluate suspension and settling dynamics of water-hardened 
eggs (Garcia et al 2015). Numerical tools have been developed to simulate the drifting behavior 
of grass carp and bigheaded carps during their early life stages (e.g. FluEgg, Garcia et al 2013) 
and have been tested on rivers in Michigan and Illinois (Garcia et al 2015a, Murphy et al 2016). 
FluEgg incorporates the influence of flow velocity, shear velocity, and turbulent diffusion on the 
transport and dispersal patterns of grass carp and bigheaded carp eggs. However, it does not 
account for egg survival rates or larval behavior after hatching. Simulations end when eggs 
hatch, which is estimated based on the water temperature specified, and it does not inform 
mortality rates due to boundary interactions or the dispersal and drift of larvae. Physical 
experimentation is thus required to evaluate the influence of the river bed on survival rates and 
study the swimming behavior of larvae.  
Recent laboratory experiments with live grass carp and bigheaded carp eggs (George et al 
2017) aimed to physically characterize eggs (i.e. estimate diameters, density, and terminal fall 
velocity) to better inform numerical models to estimate drifting. However, a comprehensive 
study that documents the hatching transition and the early behavior of larvae in moving water 
has not been conducted yet. A better understanding of the drifting of eggs and larvae under 
different flow and turbulence conditions, along with their interactions with a sediment bed would 
enhance model predictive capabilities for tracking the dispersal and drift of the early life stages 
of these invasive fishes.  
In this study, three comprehensive trials of laboratory experiments were conducted in both still 
and moving water to determine the drifting and swimming behaviors of live grass carp eggs and 
larvae. Ranges of diameters, densities, and settling fall velocities of eggs were estimated in still 
water, whereas traveling speeds of eggs and larvae, as well as the swimming capabilities of 
larvae against the flow, were quantified in moving water. Continuous vertical distributions were 
also generated to observe the location and the transition from eggs to larvae across the water 
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depth at different flow conditions; and survival rates were monitored at the end of each trial to 
ascertain possible causes of mortality based on both hydrodynamics and biological interactions. 
2.2. Materials and methods 
Experiments were conducted at the Ven Te Chow Hydrosystems Laboratory (VTCHL) at 
the University of Illinois in Urbana-Champaign. Fertilized grass carp eggs were cultured and 
transported from the U.S. Geological Survey (USGS) Columbia Environmental Research Center 
(CERC) in Columbia, MO. Three trials of experiments were conducted. During trial 1, two 
females (5.09 and 3.21 kg) and four males (2.81, 2.23, 2.79, 1.86 kg) were used for spawning. 
During trial 2, one female (6.53 kg) and four males (3.60, 3.37, 3.61, 3.24 kg) were used, and 
during trial 3, three females (4.76, 5.36, and 5.60 kg) and four males (4.76, 4.00, 4.40, 4.40 kg) 
were used.  
George and Chapman (2015), and George et al. (2017) showed that there can be large 
variations in egg size, due to maternal effects (larger females producing larger eggs), and 
temperature effects, with eggs from cooler water being larger than eggs from warmer conditions. 
For the present study, eggs were purposely obtained from individuals of similar size amongst all 
trials, to account for the response to flow conditions using similar eggs. However, the wide range 
in sizes presented in the following sections indicate that the sizes studied are representative of 
most of the expected range of grass carp eggs in nature. Spawning on trials 1 and 3 resulted in 
batches of good quality eggs (well-defined membrane and well-formed fish inside). However, 
the batch for trial 2 was negatively affected by high water temperatures at spawning 
(temperatures over 24°C), resulting in poor quality eggs. 
 
2.2.1. Settling column test 
Settling speeds (ws) of eggs were determined at different times after fertilization during 
trial 1 (at 6, 10, 14, 18, and 22 hours after fertilization) by taking photos of individual falling 
eggs (25 eggs at each time) at 1 frame every 3 seconds with a Nikon D200 camera (10.2MP) on a 
backlit rectangular settling column 1.6 m tall, 0.2 m long, and 0.1 m wide, with a 1x1cm vertical 
grid for spatial calibration (Fig 4.1a). A Nikon SMZ-1500 stereomicroscope was used to measure 
egg diameter prior to release, using the mean of two perpendicular measurements, with a 




Fig 2.1. Facilities used to conduct the experiments (not to scale). (a) Settling water column with 
an inset of microscope image of the eggs. (b) Plan view of Race-Track Flume (RTF), Odell-
Kovasznay type flume, with the setup of side-view cameras. (c) Side-view of the Race-Track 
Flume with the field of view of each camera. 
 
 
Custom particle image processing MATLAB (MathWorks, Inc.) routines were developed 
to track the position of individual eggs and larvae in a series of consecutive frames. These 
routines produced binary images, which were processed using morphological processing tools to 
obtain the center of mass (x, z coordinates). Using such coordinates for each centroid and the 
difference in time between captures from video recordings, the traveling speeds between frames 
were calculated. 
The slow settling speed of the eggs allowed the use of Stokes’ law to estimate the density 
of eggs ( ) over time as (Garcia 2017): 
                                                                (2.1) 
Where  and  are the density and dynamic viscosity of water, and ds is the egg diameter. 
A one-way Analysis of Variance (ANOVA) was performed to test whether the settling 
speed of the eggs and their density changed over time before hatching. A significance level of α 
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= 0.05 was considered statistically significant between the batches of eggs at the time intervals 
specified.  
 
2.2.2. Race-Track Flume test 
Drifting behavior of eggs and larvae under different flow conditions, and their interaction 
with the sediment bed and turbulent structures, were monitored with cameras on each trial for 
~80 consecutive hours in the RTF; an Odell-Kovasznay type flume (Odell and Kovasznay 1971), 
shown in Figs 4.1b and 4.1c. For trial 1 and trial 3, 4000 eggs were released on the flume, but for 
trial 2 only 1604 due to the poor-quality spawning.  
Water depth in the RTF was maintained at H = 0.4 m, above a 0.1-m thick sediment bed, 
composed of a mixture of walnut shells and sand (bulk sediment density  1250 kg/m3, and 
size {D16, D50, D84} = {0.41, 0.54, 0.66} mm), placed only in the straight test section. All 
substrate material was washed and dried in an oven at 170 F (77 ⁰C) for 48 hours before each 
trial to help prevent biological contamination and control the spread of fungus. Settling velocity 
of the sediment was calculated as wp = 1.89x10-2 m/s, using the simple universal equation for 
grain settling velocity presented by Ferguson and Church (2004): 
                                                              (2.2) 
where R is the submerged specific gravity , g is the gravity, dp is the nominal 
particle diameter (D50 was used), and v is kinematic viscosity of water, respectively. C1 and C2 
are 20 and 1.1, respectively, based on shape factors associated with natural sediment (Ferguson 
and Church 2004). 
The vertical distribution of eggs was captured by taking consecutive photos (1 per 
minute) during the first ~30 hours (Nikon D7100 camera, 24.1MP) over a straight test-section of 
the flume (Figs 4.1b and 4.1c). Egg trajectories and their interaction with a flat sediment bed 
were also recorded through 10-min videos every 4 hours at 60 fps (Nikon D5300, 24.2MP). After 
eggs hatched, the same analysis was conducted to evaluate swimming behavior of larvae until 
~80 hours. The 0.40 m water depth in the images was divided into 9 equal intervals (0.044 m 
each) to count the number of eggs or larvae detected in each interval (1 minute). Nearly 
translucent eggs were visible in the images due to the opacity of the yolk. Once they hatched, 
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approximately 27 hours after fertilization, larvae were almost transparent, hard to see with the 
naked eye, but identifiable against the lit background. At approximately 60 hours post 
fertilization, pigmentation in the eyes and back of the larvae increased, allowing for easier 
detection.  
Vertical distributions were then plotted through the duration of the experiment, showing 
different patterns at various fish development periods. Three developmental periods were 
defined:  
Period 1 - embryonic stages; eggs prior to hatching (0 to 27 hours depending on the water 
temperature; developmental stages 8-30 (Yi et al 1988)), which drift passively and settle in the 
absence of turbulence. 
Period 2 - after egg hatching and before gas bladder emergence (27 to 65 hours; stages 
31-36 (Yi et al 1988)); in laboratory studies, this stage is characterized by vertical swimming and 
falling (George et al 2017). 
Period 3 - after gas bladder emergence (65 to 90 hours; stages 37-39 (Yi et al 1988)). 
This period is characterized by horizontal swimming and the ability to maintain vertical position 
without swimming. Larvae of this period are often captured in off-channel low velocity habitats 
(George et al 2017), which are often considered nursery areas for grass carp and, where 
development to older juvenile stages occurs. 
In period 3, when fish began swimming horizontally, the horizontal swimming speed 
 was defined as:  
                                                              (2.3) 
where U is the mean flow velocity and ut is the horizontal traveling speed, obtained from the 
absolute displacement between consecutive frames and defined as positive in the direction of the 
flow. Swimming speed is thus defined as positive if the larva moves against the flow, and 
negative in the same direction of the flow. 
 
2.2.3. Flow Characterization in RTF 
A different flow condition was applied in each trial. Flow is driven by a vertical-axis disk 
pump, controlled by a frequency inverter. A linear relationship exists between the assigned 
inverter frequency and the rotation speed of the disk pump, given by  [RPM] = 6.6 f [Hz]. For 
trial 1, a disk rotation rate of f = 10 Hz yielded a mean velocity of 0.08 m/s. For trial 2, f = 30 Hz 
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yielded 0.22 m/s, and for trial 3 f = 40 Hz yielded 0.30 m/s. These mean velocities were chosen 
to recreate three different scenarios of turbulence and sediment transport, with means speeds fast 
enough to keep eggs in suspension, but not too fast as to create large bedforms or sheet flow 
conditions able to sweep away all sediment from the test section. The selected range of velocities 
is also found in natural streams where grass carp eggs and larvae have been collected (e.g. the 
Sandusky river (Embke et al 2016)), where mean water velocities in some portions of the river 
rarely exceed 0.3 m/s (USGS gage station 04198008 near Wightmans Grove OH).  
Vertical profiles of longitudinal velocity u (in the x-direction), transverse velocity v (in 
the y-direction), and vertical velocity w (in the z-direction), were measured by recording 
instantaneous velocities for 3 minutes at each point, at a sampling rate of 100 Hz. Measurements 
were taken at every millimeter in the z-direction along the first centimeter from the sediment bed, 
and then at every 2 centimeters until the free surface, using an Acoustic Doppler velocimeter 
(ADV, Nortek-Vectrino). Given the configuration of the ADV, no measurements were taken 
within the top 5 cm of the water column. From these ADV measurements, two dimensionless 
numbers (Reynolds (Re) and Froude (Fr) numbers) were estimated to characterize the turbulence 
(Re > 4x103 fully turbulent flow) and to readily identify subcritical (Fr < 1) and supercritical 
flows (Fr > 1) for each condition. Reynolds numbers are computed as , where Rh is 
the hydraulic radius. And Froude numbers are computed as . Turbulence statistics 
were calculated using Reynolds decomposition to obtain velocity fluctuations for each velocity 
component , as: 
                                                             (2.4a) 
                                                             (2.4b) 
                                                           (2.4c) 
where u, v, w are the instantaneous flow velocities and U, V, W are the time averaged velocities. 
To evaluate turbulent statistics, Reynolds stresses, ( , , , indicators of fluxes of 
momentum in the flow), turbulence intensities, ( , , ), and turbulent kinetic energy, 
, are thus calculated as: 
                                                                 (2.5a) 
                                                                 (2.5b) 
                                                                 (2.5c) 
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                                                  (2.6) 
Friction velocity, , with  as the bed shear stress, was calculated using two 
methods: 
1. Fitting the measured velocity profile to the law of the wall (Schlichting 1979): 
                                                 (2.7) 
where , , z is the vertical distance from the bed, and  is the von 
Karman constant (Long et al 1993). 
2. Using a turbulent kinetic energy approach, estimating shear stress as (Soulsby and Dyer 
1981, Stapleton and Huntley 1995): 
                                               (2.8) 
where C1 = 0.19 (Thompson et al 2003).  
Different criteria exist to analyze the expected behavior of particles (eggs and larvae in 
our study) in suspension (Van Rijn 1984, Hearn 2008). We compared the settling velocity of the 
particle with the friction velocity and the vertical turbulent intensity, assuming that vertical 
fluctuations generated by the bed shear stress will overcome the settling speed to maintain the 
particles in suspension (Van Rijn 1984). Dimensionless ratios between vertical turbulent 
intensities, friction velocities, and settling velocity, were calculated to better explore the variable 
space regarding critical resuspension parameters. A suspension parameter, evaluated as the 
inverse of the Rouse number, ZR, (Van Rijn 1984) was calculated as: 
                                                                   (2.9) 
where  is a coefficient related to diffusion of sediment particles, with a 
maximum value of . Following Hearn’s criteria (2008) for sediment particles in 
suspension as bedload (1/ZR <0.4), approximately 50% suspended sediment (0.4<1/ZR <0.8), 
approximately 100% suspended sediment (0.8<1/ZR <1.3), or wash load (1/ZR >1.3), we 
classified the eggs as suspended particles using the inverse of ZR. 
 
2.2.4. Survival rates in RTF 
On day 5 of each trial, surviving larvae were counted to determine survival rates. A water bath 
with similar water temperature as in the RTF (23-24°C) was used as a baseline to ascertain 
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survival differences with the RTF. The water bath (1.8 m x 0.9 m) housed 4 aquaria (0.3 m x 0.6 
m x 0.3 m each) with hatching jars where a subset of eggs was kept under ideal oxygenation 
conditions and gentle upwelling flow to prevent external damage. Each aquarium kept 500 eggs 
during trial 1 and trial 3; but only 100 during trial 2. Water temperature in the water bath and 
RTF was monitored with HOBO temperature loggers (Onset Computer Corp) recording at 15-
min intervals. A 500-gallon tank, refilled in every trial with well water from the same source, 
supplied the water bath and the flume throughout the experiments. 
 
2.3. Results and discussion 
 
2.3.1. Settling column test 
 
Error bars were used to present the results for the settling velocities (ws) and densities (ρs) 
of eggs at 6, 10, 14, 18, and 22 hours after fertilization (Figs 2.2a and 2.2b). These plots show 
almost no change between mean settling velocities and mean densities (middle squares) as the 
fish develops inside the membrane. Mean settling velocities of 7x10-3 ± 3.5x10-4 m/s with 
standard deviations within each batch of {5.5 – 9.4}x10-4 m/s were estimated. The ANOVA test 
revealed a p-value of 0.0538 (>0.05), which confirms that no significant difference exists 
between the mean settling velocities of water-hardened grass carp eggs at post-fertilization time. 
This result is consistent with previous experiments reporting a constant terminal fall velocity of 
7.4x10-3 ± 1.6 x10-3 m/s (George et al. 2017). 
Mean densities of 998.81 ± 7.2x10-2 kg/m3 with standard deviations within each batch of 
{7.7 – 31.5}x10-2 kg/m3 were estimated. This is a very narrow range of mean densities 
considering the wide range of diameter sizes (3 – 6 mm) (Fig 2.2c), which also falls within the 
constant range estimated by George et al. (2017) (999.87 ± 1.2 kg/m3). The ANOVA test 
revealed in this case a p-value of 0.1019 (>0.05), which also confirms that no significant 
difference exists between the mean densities. The estimated density proves that grass carp eggs 
can be heavy enough to sink in still water but light enough to remain in suspension at low flow 
velocities, thus avoiding burial and abrasion with bed material. In addition, as discussed by 
George et al. (2017) this strategy provides for reduced mortality resulting from both sight-
feeding and filter-feeding predators, and distributes the eggs and larvae broadly within the water 
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Fig 2.2. Settling column results for all 4-hour intervals after fertilization. (a) Error bars for egg 
settling velocity. (b) Error bars for egg density. (c) Comparison between egg diameter and egg 
density for all samples at each time interval. 
 
 
4.3.2. Race-Track Flume test 
 
4.3.2.1. Flow Characterization 
Reynolds numbers of Re = {5 – 19}x103 and Froude numbers of Fr = {0.04 – 0.15} were 
computed for the three mean velocities. These values indicate that all trials had fully turbulent 
and subcritical flow conditions. Vertical profiles of time averaged velocities are shown in Fig 
2.3a,e,i. Data show low values of both V and W, below 5% of the longitudinal speed U. Fig 2.3 
also shows turbulence intensity and turbulent kinetic energy, k, increasing with increasing mean 
velocity. Profiles of k (Fig 2.3b,f,j) show near-uniform values through the water column except 
for the expected peak near the bed. Reynolds stresses profiles show the expected large near-bed 




Fig 2.3. Flow and turbulence conditions over the flume’s straight test section in each trial. (a,e,i) 
Mean velocities U, V, W. (b,f,j) turbulence intensities urms, vrms, wrms and turbulent kinetic 
energy k. (c,g,k) Reynolds stresses . (d,h,l) Quadrant analysis from 
instantaneous velocity measurements 1 mm above the bed. 
 
Friction velocity values were calculated as  m/s and 
 m/s, using log-law (Eq 2.7) and turbulent kinetic (Eq 2.8) approaches 
for the three mean flows studied, respectively, showing a good agreement between both methods 
(variation from 2% to 9%). Instantaneous turbulent fluctuations (u’,v’,w’) can be used to identify 
the presence of instantaneous events that may influence the resuspension of eggs and larvae and 
their interaction with the sediment bed. We identified a large proportion of instantaneous events 
where the instantaneous longitudinal velocity, u, fell below the mean value, whereas the 
instantaneous vertical velocity, w, was above the mean vertical component, leading to parcels of 
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fluid moving slower than the mean flow (i.e., u'(= u – U) < 0) experiencing an upwards 
displacement (i.e., w'(= w – W) > 0), an event commonly known as 'ejections'.  
Another large proportion of events is represented by faster moving parcels displacing 
downwards (u’ > 0, w’ < 0), which are commonly known as 'sweeps'. Dominance of near-bed 
sweeps and ejections (Fig 4.3d,h,l) indicates a high frequency of events able to lift or re-suspend 
material from the bed into the water column. For eggs, with a density slightly above that of 
water, these events are sufficient to keep them in suspension even at the lowest velocities, as 
seen in previous studies (e.g. Garcia et al. (2015b)). For larvae, we also expect that these 
coherent flow structures help them stay suspended during period 2 when the larvae swim only 
vertically. However, once they reach period 3, they have the ability to swim and remain over less 
turbulent regions. 
Moreover, we classified the eggs as suspended particles using the inverse of ZR. Fig 2.4 
shows calculated values of , as well as the ratios  measured at several water 
depths, and the ratio friction velocity to settling speed . Notice the agreement with Hearn’s 
criteria, with an expected 100% of particles in suspension even at the lowest speed. 
 
 
Fig 2.4. Suspension parameter , and ratios  and  to classify eggs as suspended particles 
according to sediment transport criteria. Dashed lines mark delimiting values of the inverse of 
the Rouse number for bed load (1/ZR <0.4), approximately 50% of suspended sediment (0.4<1/ZR 





2.3.2.2. Survival rates 
Survival rates in the hatching jars for each trial were 53% in trial 1, 4.5% in trial 2, and 
75% in trial 3; whereas in the RTF, where similar temperature with the hatching jars was 
maintained, were 51% (-3.8% with respect to the hatching jars) in trial 1 (low flow speed), 0.3% 
(-93.3% with respect to the hatching jars) in trial 2 (medium flow speed but low quality eggs), 
and 8% (-89.3% with respect to the hatching jars) in trial 3 (high flow speed), as shown in Table 
2.1. Mortality for trial 1 in the RTF, with the lower flow speed (0.08 m/s), was not substantially 
different than the control jars, suggesting that there was very little impact of the physical 
processes on the eggs themselves at that speed. The eggs had optimal conditions for suspension 
(i.e., low turbulence levels, low shear levels, and fewer interactions and collisions with fast-
moving sediment particles in suspension), avoiding abrasion or burial. Observations and 
recordings at the disk pump revealed that the shear generated by the rotating disks created a 
higher speed at the centermost region within pairs of disks. This velocity gradient pushed the 
eggs towards the center within parallel disks, avoiding collision with the disks themselves (S1 
Videos in Supporting Information). The use of this flume, driven by a vertical axis disk pump, 
minimizes damage to the eggs and larvae due to the propulsion system in comparison to 
centrifugal pumps.  
Mortality for trial 2, in both hatching jars and RTF, was mainly influenced by the poor 
quality of the eggs due to the high temperatures at spawning. In this trial, the physical processes 
of interaction with sediment particles or high turbulence levels were not the main factor driving 
mortality. For trial 3, at the highest speed considered (0.30 m/s), the combined effect of higher 
levels of turbulence and shear experienced by eggs and larvae, as well as abrasion by interaction 
with fast moving sediment particles in suspension, substantially increased mortality in 
comparison to the hatching jars (-89.3%). In this trial, the mortality rates were thus driven by a 
combination of these abiotic factors, but the contribution towards increased mortality from each 
individual process could not be quantified. This will be the focus of a future study, isolating pure 
turbulence and shear effects. 
In this study, we registered some percentage of mortality in all trials in the hatching jars, 
with a minimum of 25% in trial 3. This confirms that mortality is always high in early life stages 
of fish (Houde 1997) and can occur due to purely biological reasons. George et al. (2015) 
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suggested that burial could be a major cause of mortality of grass carp at embryonic stages, and 
that settling can be detrimental to their hatching rates, even if they remain uncovered. 
 















rate in jars 
Difference in survival 
rates between flume 
and jars 
1 0.08 4000 51.0% 2000 53.0% -3.8% 
2 0.22 1604 0.3% 400 4.5% -93.3% 
3 0.30 4000 8.0% 2000 75.0% -89.3% 
 
 
2.3.2.3. Vertical distribution of eggs and larvae 
For trial 1 (Fig 2.5a), in period 1, eggs were drifting mostly within the lower 75% of the 
water column, with relatively large abundance near the bed. In the vertical-swimming period 2, 
larvae were noticeably more uniformly spread throughout the water column. In period 3, larvae 
swam horizontally and remained suspended below the surface, in the top half of the water 
column, but slightly away from the free surface. Period 3 larvae showed preferential swimming 
far from the bed (avoiding higher shear and turbulence), and away from free surface (avoiding 
potential predators). Field collections of larvae in off-channel low velocity habitats often include 
period 3 larvae but rarely earlier periods (Yi et al 1988), thus selection of low velocity conditions 
detected in this study may be part of a volitional migration to nursery habitats. 
For trial 2 (Fig 2.5b), in period 1, eggs spread almost uniformly across the water column, 
with a slightly larger number concentrated near the bottom. In period 2, as the survival rate was 
very low in the RTF (0.3%, only 5 larvae recovered out of 1,604 eggs), the experiment was 
stopped 2 hours after the end of period 1. In order to get data for period 3, at the end of trial 3, 
the surviving larvae in the flume (in stage 39) were tested with the velocity of 0.22 m/s to 
recreate conditions of trial 2. Under these flow conditions, larvae were able to swim and remain 
suspended preferentially near the surface and near the bottom, seemingly avoiding areas of 
higher speeds. 
For trial 3 (Fig 2.5c), the vertical distribution of eggs and larvae was fairly constant 
throughout the experiment. Eggs and larvae were drifting more towards the bottom where they 
collided with the sediment particles that were also transported by the flow. Increased sediment 
28 
 
motion augmented the number of interactions of eggs and larvae with such rapidly-moving 
particles, increasing the potential for damage from abrasion, even though the eggs were in 
suspension. These interactions also affected the dispersal speeds of eggs and larvae across the 
water depth and their vertical distributions.  
The vertical distributions presented in Fig 2.5 can be considered as a reference for 
research and management purposes in terms of eggs and larvae collection or sampling on field. 
Eggs and larvae show a prominent tendency to be located below the first quarter of the water 
depth, even with the fastest velocity presented, than near the water surface. This may support the 
fact that in previous field studies, e.g. Embke et al. (2016), researchers struggled to collect even a 
few eggs in what they called “the first direct confirmation of grass spawning in a Great Lakes 
tributary”. They used paired bongo nets of 0.5 m diameter just below the water surface for an 
interval of 5 minutes during high-flow events on the Sandusky river. We recommend for future 
field campaigns the use of nets that allow sampling at lower depths to increase the probabilities 




Fig 2.5. Vertical distribution of egg/larvae across the water depth and number of particles 
identified along the length of the experiments. (a) trial 1 (0.08 m/s), (b) trial 2 (0.22 m/s), (c) trial 






2.3.2.4. Traveling and swimming speeds 
Vertical traveling speeds of eggs and larvae were estimated over three regions of the 
water column: bottom (0 to 0.15 m from the bed), middle (0.15 to 0.30 m), and top (0.30 to 0.40 
m) to quantify the effect of turbulence and coherent flow structures on drifting patterns (Table 
2.2). In accordance with previous experiments (e.g. Garcia et al. 2015), we observed trajectories 
of eggs and larvae with both negative and positive slopes (Fig 2.6). Eggs moved downwards at 
speeds of up to 4.2x10-2 m/s in the middle of the water profile for the mean flow velocity of U = 
0.22 m/s. This indicates that some of the eggs were not falling downward at their settling speed 
in the absence of flow (~7x10-3 m/s) but were being pushed downward by the flow fluctuations 
instead. Likewise, turbulent forces were also able to cause some proportion of eggs to rise at 
rates up to 0.048 m/s near the bed for the mean flow velocity of U = 0.30 m/s.  
Larvae showed the active-passive drift mode described by Zens et al. (2018) (also called 
behavioral drift (Hogan 2005)), in which the larvae did not always actively swim, instead 
occasionally drifting with the current. The shape of the swimming path for larvae in period 2 for 
all flow speeds was a negative parabola (which opens downwards), where the focal length and 
general shape differ according to the speed of the water. Slower water produced a narrower, 
steep-sided parabola; and faster water produced a wider, more softly curving arc, showing a 
more active response from the larvae at higher flow speeds, compared to the behavior observed 
in the absence of flow (Chapman and George 2011). Vertical traveling speeds for larvae in 
period 2 were greater than those of the embryonic period, due to their vertical swimming 
capabilities; i.e. absolute vertical displacements were faster due to the parabolic self-movement. 
Conversely, for larvae in period 3, vertical traveling speeds are reduced compared to the period 2 




Fig 2.6. Composite images showing eggs and larvae trajectories at every developmental period 
and flow speed. (a,d,f) Trial 1. (b,g) Trial 2. (c,e,h) Trial 3. For developmental periods: Period 1 
(a-c), Period 2 (d-e), and Period 3 (f-h). Red trajectories shown as examples of those used to 




Table 2.2. Estimated minimum and maximum vertical traveling speeds, wt, at each of the water 
profile regions defined. Bottom (0 to 0.15 m above the bed), middle (0.15 to 0.30 m), and top (0.30 
to 0.40 m). 
   wt [x10-2 m/s] 
Period Developmental stages [27] U [m/s] BOTTOM MIDDLE TOP 
1 8-30 
0.08 -1.16 – 1.03 -1.25 – 0.64 -1.64 – 0.14 
0.22 -2.98 – 2.35 -1.04 – 1.18 -4.15 – 3.45 
0.30 -3.01 – 4.88 -2.42 – 0.52 -3.43 – 1.94 
2 31-36 
0.08 -2.62 – 4.36 -3.80 – 10.24 -5.60 – 10.40 
0.22 – – – 
0.30 -3.95 – 4.03 -5.54 – 4.25  -3.95 – 1.46 
3 37-39 
0.08 -2.33 – 3.76 -2.28 – 3.12 -4.13 – 1.84 
0.22 -0.97 – 2.08 -3.05 – 1.94 -6.02 – 4.60 
0.30 -3.64 – 1.87 -3.92 – 2.14 -2.42 – 4.92 
 
Horizontal traveling and swimming speeds for eggs and larvae are presented in Fig 2.7. 
Eggs were traveling at close to the horizontal mean speed of the flow at any depth, which sounds 
intuitive, but provides the physical evidence to validate the streamwise drifting of grass carp 
eggs in numerical models such as FluEgg in its current form.  
Larvae were traveling at different speeds than the horizontal mean flow speed, especially 
in the middle and top regions of the water depth. In period 2, the parabolic swimming trajectory 
of larvae in the direction of the flow increased also the horizontal traveling speeds. In period 3, 
larvae swim horizontally facing upstream and offering resistance to the flow. We observed that 
that resistance was higher as the flow velocity increased since the traveling speeds were very 
similar for both U = 0.22 m/s and U = 0.30 m/s, thus there were higher swimming speeds for U = 
0.30 m/s. The results show that swimming capabilities of the larvae are not negligible and do 
have a large potential effect on dispersal. Period 2 larvae subsist entirely from endogenous 
nutrition and do not feed, but period 3 larvae must begin to feed. Rivers where grass carp have 
been found are typically turbid and carry large quantities of suspended alluvium. Such rivers 
have little primary productivity and low plankton availability, thus are poor habitats for a larval 
fish which must feed. In flowing rivers, period 3 larvae likely attempt to move from the river 
current into low velocity nursery areas (Yi et al 1988), and this swimming ability is fundamental 





Fig 2.7. Ranges of horizontal traveling (ut) and swimming speeds (usw). (a,d,g) Developmental 
period 1. (b,e,h) Developmental period 2. (c,f,i) Developmental period 3. For three regions 
considered across the water profile: top (a-c), middle (d-f), and bottom (g-i). Positive traveling 
speeds in the same direction of the flow. Positive swimming speeds against the direction of the 
flow. 
 
Fig 2.8 shows the orientation of the larvae for all flow speeds at developmental periods 2 
and 3, classified by their location in the water column. The inset in Fig 2.8c shows the 
orientation reference frame, with =0 degrees horizontally facing (opposing) the mean flow, and 
data divided in 45 degrees' ranges, positive in counter-clockwise direction. For the lowest mean 
flow (Fig 2.8a,d,g), we notice clear differences between developmental periods, with most larvae 
able to face the flow in period 2, tending to orient downwards in the bottom and middle sections 
of the water column, potentially in response to coherent flow structures generated at the bed 
pushing them towards the surface, and a clear shift once they reach period 3, with improved 
horizontal swimming abilities to face the oncoming flow within 45 degrees. For the fastest 
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flow (Fig 2.8c,f,i), there is a more uniform distribution during period 2, indicating a reduced 
ability of larvae to align themselves with the elevated flow speeds, and a clear shift as they reach 
period 3, now being able to withstand the current and align opposing the mean flow. 
 
 
Fig 2.8. Swimming angle distribution of larvae at periods 2 (grey) and 3 (white). At least 20 
larvae per water depth: top (a-c), middle (d-f), and bottom (g-i) were analyzed for each period on 
trials 1 (a,d,g), 2 (b,e,h), and 3 (c,f,i). Reference frame for swimming angle is indicated in the 
inset on c. 
 
Mean values from Fig 2.7 for periods 2 and 3, from trials 1 and 3, were used to generate 
plots that allowed us to observe the influence of the gas bladder inflation in the horizontal 
swimming speeds of larvae (Fig 2.9). In Fig 2.9, we can see that the traveling speeds are reduced 
after the gas bladder emergence, and swimming speeds are increased; except near the bed for the 
case of the higher flow (Fig 2.9f). In this region, higher turbulent intensities and Reynolds 
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stresses are present as shown in Fig 2.3h and 2.3i and larvae showed preferences of swimming 
with the flow, increasing the traveling speed, instead of resisting it as in the middle or top of the 
water profile.  
The swimming speeds opposing the flow direction in period 3 were never higher than the 
flow velocity, thus larvae always traveled in the same direction of the flow. This pattern was 
observed in all trials, even for the slowest flow velocity. Larvae adjusted their resistance to the 
flow proportionally to the drag forces exerted, but did not overcome the flow velocity to swim 
upstream. These findings provide physical evidence that will allow expansion of the capabilities 
of numerical tools (e.g. FluEgg (Garcia et al 2013)) towards predicting the transport of grass carp 
larvae, with larvae seemingly unable to swim upstream at the earliest life stages.  
The observed swimming speeds can be used to estimate larval response once they are 
able to swim laterally towards the river banks or tributaries looking for nursery habitats, escaping 
from recirculation zones or areas of high turbulence levels. Because the early life stages of this 
species represent an important population bottleneck for survival and dispersal, the observed 
response to various flow conditions is paramount if sampling or collection campaigns are 
planned, or if management strategies are designed to either reduce the propagation of grass carp 




Fig 2.9. Variation of larvae traveling and swimming speeds between periods 2 and 3 analyzed at 
each of the three water profile regions. (a,c,e) Trial 1. (b,d,f) Trial 3. For each region in water 








Grass carp eggs and larvae were used to characterize the buoyancy of eggs, evaluate their 
drifting and swimming behavior in moving water, and estimate survival rates after their 
interaction with flow and sediment. Constant ranges of settling velocity and density of post-
water-hardened eggs were found throughout the embryonic development (period 1) and were 
estimated as 7x10-3 ± 3.5x10-4 m/s and 998.81 ± 7.2x10-2 kg/m3 respectively. This range of 
density makes the grass carp eggs heavy enough to settle in stagnant waters but light enough to 
drift even in gentle current. This property minimizes predation and damage that might result 
from contact with bed material.  
Eggs (Period 1) were mainly distributed within the lower 75% of the water column for 
the three flow velocities analyzed, with a slight tendency to be more concentrated near the 
bottom. Larvae in period 2, against the slowest flow condition, were more evenly distributed 
throughout the water column, drifting with the flow on inclined trajectories of slopes of up to 
78%. Larvae in period 3 had the ability to remain suspended (swimming) at preferential depths 
and offer resistance to the flow, with swimming speeds proportional to the flow velocity. This 
ability allows them to select nursery habitats on river banks or floodplain tributaries, escaping 
from recirculation zones or areas of higher turbulence levels. Similar depth distribution patterns 
were not found for the highest flow speed, in which the larvae have a decreased ability to 
withstand the flow and could not concentrate in preferential depths due to the increased drag 
exerted on them by the flow, and the increased frequency and intensity of turbulent events and 
coherent flow structures resulting from the enhanced turbulence field.  
The highest velocity case also resulted in high suspended sediment concentrations in the 
water column, complicating visual identification of eggs and larvae traveling with large sediment 
particles, and affecting the dispersal speeds and the vertical distributions over time. A clear 
difference in vertical distribution of the eggs and larvae is found between trials 2 and 3, as mean 
velocity increases from U = 0.22 to 0.30 m/s and u* goes from  to 
 m/s. This represents a change in the capability of the flow to keep particles in 
suspension, with both sediment and eggs and larvae facing stronger vertical velocity fluctuations 
for the 0.30 m/s case. 
Temperatures at spawning directly influenced the quality of eggs and consequently the 
survival rates in hatching jars and in the RTF. Using control batches of eggs maintained under 
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ideal oxygen and temperature conditions in hatching jars as baseline (no damage due to 
interaction with sediment) we compared survival rates with those found under different flow 
conditions. The slowest flow studied, still energetic enough to keep eggs in suspension, yielded a 
survival rate similar to the hatching jars (only -3.8% in percentage difference with respect to the 
jars), showing optimal conditions avoiding burial and abrasion of eggs rolling in the bed, with 
minimal interactions with suspended sediment particles and low turbulence levels. The fastest 
flow, however, showed a significant increase in mortality, -89.3%. We attribute increased 
mortality to a combination of higher shear and turbulence experienced by the eggs and larvae, 
and abrasion by fast moving suspended sediment particles, although relative contributions of 
each process are still unknown.  
These findings, along with the drifting and swimming speeds estimated, can be used to 
identify favorable hydraulic conditions for grass carp spawning and hatching, as well as to 
estimate more realistic dispersion coefficients to be applied in numerical models that simulate 
the fate and transport of grass carp eggs. The findings are applicable in North America, where 
successful reproduction by wild grass carp is generally considered problematic, and in Asia and 
other locations where enhancement of grass carp recruitment is considered beneficial. The 
decrease in survival resulting from higher turbulence is especially interesting because it might be 
useful in devising invasive fish control mechanisms that are based on increased turbulence which 
might be created by weirs or similar devices that are deployed during the carp spawning season. 
Changes in river morphology that remove such excess turbulence might be considered in areas 
where grass carp enhancement is desirable.  
While further work is needed to investigate the influence of more realistic scenarios 
regarding bed morphology and the impact of turbulence levels in mortality, the interactions 
described by this study between the turbulent structures, eggs or larvae, and sediment, will allow 
us to reformulate prediction models (e.g. FluEgg, (Garcia et al 2013)), complement them with 
estimates of survival rates to expand simulation beyond the hatching stage, improve dispersal 
estimates, and introduce more realistic boundary conditions. While all of these measurements 
were performed on grass carp, grass carp have early life stages and behavior that are broadly 
similar to some other carps native to Asia, notably the bigheaded carps, which have achieved 
extremely high and problematic populations in the large rivers of the central United States. Thus, 
these results may be transferrable to those other species. 
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CHAPTER 3: INFLUENCE OF TURBULENCE AND IN-STREAM STRUCTURES IN 
THE TRANSPORT AND SURVIVAL OF GRASS CARP EGGS AND LARVAE AT 




After being introduced in the United States in the 1970s for private aquaculture, grass 
carp (Ctenopharyngodon idella) and their relatives, the bigheaded carps (silver carp 
Hypophthalmichthys molitrix and bighead carp H. nobilis) moved into the Mississippi River 
basin where they became well established and are now considered highly undesirable invaders 
(Chick and Pegg 2001; Parker et al. 2016; Kočovský et al. 2018). These species are of particular 
ecological concern for their rapid population growth and their high consumption capacity 
(Conover et al. 2007). Specifically, grass carp can consume up to 40% of their body weight per 
day in aquatic vegetation (Laird and Page 1996). Reduction in aquatic vegetation may result in 
increases in turbidity and alkalinity, and depletion of dissolved oxygen (Lembi et al. 1978; 
Mitzner 1978; Leslie et al. 1983), as well as direct degradation of habitat of native fish species 
which depend upon macrophytes for all or part of their life cycle (Chilton and Muoneke 1992; 
Cudmore et al. 2012). Conversely, grass carp are a highly desirable species in their native rivers, 
where their populations have declined due in part to anthropogenic river modifications 
(Chapman et al. 2016). 
Grass carp eggs need to be in suspension in the water column in order to achieve high 
hatch rates (Conover et al. 2007; George et al. 2015), which requires continuously flowing, 
turbulent flows to avoid settling. Increases in discharge are often correlated with spawning 
events, and studies in the Yangtze River also indicated a positive correlation between spawning 
activity and vorticity (for vorticity values in the order of 0.5 s-1, Liu et al. 2018). However, 
temperature (between 15-30 °C) seems to be a primary driver of spawning behavior for grass 
carp and bigheaded carps (Schrank and Guy 2002; Coulter et al. 2016). Spawning of grass carp is 
proportional to the size and weight of the female, with an average spawn of 500,000 eggs for a 5 
kg female (Shireman and Smith 1983; Chilton and Muoneke 1992). Eggs disperse in flow, from 
the spawning site to as far as 180 km downstream (Fedorenko and Fraiser 1978), although 
dispersal distance of eggs can also be relatively short depending on temperature and flow 
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conditions (Garcia et al. 2015; Embke et al. 2019).  After hatching, larvae begin vertical 
swimming, which continues until gas bladder inflation (GBI), and the onset of horizontal 
swimming, when larvae can maintain depth and position within still water (George and Chapman 
2015).  In natural fluvial systems, larvae then begin to move from mainstem rivers into 
tributaries, backwaters, and other low velocity nursery habitats. At this point, larval grass carp 
must have enough swimming capacity to navigate through or avoid regions of higher turbulence, 
shear, and vorticity, where their natural undulating swimming style may be disturbed, and where 
larvae must spend more energy to maintain their position. 
A strategy to prevent the spread of invasive carps, and reduce their population growth, is 
to identify survival and dispersal bottlenecks due to physical interactions between the early life 
stages and the riverine environment. George et al. (2015) showed a reduction in survival when 
eggs are buried by sediment, thus a balance between levels of turbulence sufficient to keep the 
egg suspended, but low enough to not damage eggs is necessary for survival. Understanding the 
response of grass carp to flow and turbulence during early life stages is fundamental to 
monitoring and controlling their spread. In natural fluvial systems, regions of high mixing levels 
(e.g. river confluences, rapids, behind sandbars, over vegetation canopies and gravel beds) are 
often used as spawning grounds (Jennings 1988; Chapman 2006; Stainbrook et al. 2007; Garcia 
et al. 2013), thus it is important to understand how mean and turbulent flow properties due to 
complex bed morphologies affect larval survival, dispersal, and behavior. 
Prada et al. (2018) conducted laboratory experiments in moving water with live grass 
carp eggs and larvae in developmental stages 8-38 (blastula to GBI; based on stages described by 
Yi et al. 1988 and George and Chapman 2015), to quantify survival rates and observe drifting 
and swimming behavior under different flow conditions over a flat sediment bed. They showed 
vertical distributions of eggs and larvae within the water column over time. Eggs drifted mostly 
below the top quarter of the water column, with a slight tendency to be found more concentrated 
towards the bottom. Larvae were able to choose the regions with lower turbulence levels, e.g. far 
from the bed, as swimming capabilities developed. This initial investigation provides support for 
field campaigns, e.g. Embke et al. (2016) where researchers had difficulty collecting even a few 
grass carp eggs using ichthyoplankton nets deployed, near the water surface during high-flow 
events on the Sandusky River in Ohio. Prada et al. (2018) recommended sampling deeper in the 
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water column, to increase the probability of successful capture for future field collections, 
especially at lower water velocity and turbulence. However, this recommendation was made 
based on results over a flat bed, without the presence of in-stream obstructions typical of natural 
streams. More extensive analysis of experimental live-fish laboratory data is needed to identify 
more precisely where grass carp eggs and larvae are more likely to be found in rivers with 
complex river bed morphologies.  
In this study, laboratory flume experiments were conducted to determine the drifting and 
swimming behaviors of live grass carp eggs and larvae with a constant flow velocity and three 
different in-stream obstructions: a gravel bump, a single cylinder, and submerged vegetation. 
Eggs and larvae were monitored continuously over ~85 hours as they drifted and swam and 
mortality rates were estimated in each scenario. Our objective was to compare the flow 
conditions generated by each bed morphology (streamwise flow velocity, turbulence, and 
vorticity) with commonly used locations of eggs and larvae across water depth, to improve the 
likelihood of detection during field collection.  
 
3.2. Materials and methods 
Three trials of experiments were conducted in a Race-Track Flume (RTF, Fig. 3.1), an 
Odell-Kovasznay type flume (Odell & Kovasznay, 1971), located at the Ven Te Chow 
Hydrosystems Laboratory (VTCHL) at the University of Illinois at Urbana-Champaign. The 6.0-
m RTF has a 2.0-m long and 0.15-m wide test section where all measurements were taken (Fig. 
5.1a). Temperatures in the flume were maintained at 23–24 ˚C using a submerged aquarium 
heater. 
Grass carp were spawned by hormone induction and eggs were fertilized at the U.S. 
Geological Survey Columbia Environmental Research Center (CERC) in Columbia, MO. Fish 
were obtained from earthen ponds located at CERC. For trial 1, eggs were collected for 
fertilization from two female grass carp, both weighing 7.2 kg, and high-quality milt was 
collected from three male grass carp weighing 3.2, 3.2, and 2.0 kg. For trial 2, eggs were 
collected from one female grass carp, weighing 6.9 kg, and high-quality milt was collected from 
three male grass carp, weighing 2.5, 3.3 and 4.7 kg. For trial 3, eggs were collected from one 
female grass carp, weighing 2.6 kg, and milt was collected from two male grass carp, weighing 
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3.1 and 4.1 kg. Milt quality for the third spawning event was graded highly, but egg quality for 
this female was poor, as atresia had started. High fertilization rates were not expected.  
In each trial, eggs were stripped into a bowl and fertilized with the combined milt from 
all males by the dry method (Piper et al. 1982), for 1 minute. Once fertilized, eggs were then 
rinsed and placed into a water bath for 30 minutes to allow water-hardening. Diameter from a 
subsample of 100 eggs was measured, using a Nikon SMZ-1500 stereomicroscope and NIS 
Elements software, as the mean of two perpendicular measurements, with a tolerance of 0.01 
mm. Eggs were then stocked into polyethylene transport bags containing well water. Pure 
oxygen was used to fill the space above the water inside of the bags in order to keep the 
dissolved oxygen levels of the water from dropping during transport. The plastic bags were 
sealed and place into coolers for 4.5-hours transport to the VTCHL. 
For all trials, 4000 eggs were released in the RTF, where water depth was maintained at 
H = 0.4 m above a 0.1-m thick sediment bed composed of a mixture of walnut shells and sand 
(bulk sediment density ρp = 1250 kg·m-3, settling velocity wp = 1.89x10-2 m·s-1, and size {D16, 
D50, D84} = {0.41, 0.54, 0.66} mm) (Prada et al., 2018). All substrate material was washed and 
dried in an oven at 170 F (77˚C) for 48 hours before each trial to help prevent biological 
contamination and control the spread of fungus. Flow in the RTF is driven by a vertical-axis disk 




Fig. 3.1. Schematic view of the Race-Track Flume (RTF) (a), and side view of the studied in-
stream obstructions (not to scale): gravel bump in trial 1 (b), single cylinder in trial 2 (c), and 






The relationship between the inverter frequency and the rotation speed of the disk pump 
is given by Ω [RPM] = 6.6 f [Hz], so a frequency of 20 Hz corresponds to a disk rotation rate of 
132 RPM, and an approximate mean velocity of 0.15 m·s-1 over the flat bed in the straight 
section of width-to-depth ratio of 3/8. The side walls may add no-slip boundaries that create 
viscous sublayers where flow velocity is reduced to zero and shear stresses increase. However, as 
reported by Prada et al. (2018), these boundary layers can be very thin, and may not affect the 
mean flow or the egg and larva distribution across the water depth. 
Altered flows were created over the straight test section by 3 different in-stream 
obstructions, maintaining the same water depth (0.4 m) and forcing (f = 20 Hz – rotational 
frequency of the disk pump), to keep a constant bulk (cross sectional averaged) discharge. In trial 
1, a 0.12-m high gravel bump, composed of gravel (mean size of 350 mm) contained in a mesh 
bag, was placed in the middle of the test section (Fig. 3.1b). For trial 2, an emergent 2” (51 mm) 
diameter-PVC cylinder was embedded in the middle of the test section (Fig. 3.1c), allowing for 
49 mm of space between the cylinder and the walls of the flume. For trial 3, patches of 
submerged rigid acrylic rods (6.4 mm diameter and 100 mm in height), mimicking submerged 
vegetation, were placed in the sediment throughout the test section (Fig. 3.1d). The rigid 
vegetation followed a staggered configuration with average spacing between rods of 0.034 m, 
porosity of 6.3x10-3, and volumetric frontal area 1.27 [m-1].  
 
3.2.1. Flow characterization 
Flow fields were characterized, in both the RTF and the turbulence tank, using a 2D 
Particle Image Velocimetry (PIV) system, with a 60fps 5MP monochromatic camera and a 5W 
Continuous-Wave 532nm Laser. A vertical laser sheet was generated to illuminate neutrally 
buoyant silver-coated hollow glass spheres with a mean diameter of 10 µm. 
In all trials, the camera was placed laterally at 0.8 m from the flume’s test section and the 
laser sheet was generated from top, parallel to the mean flow at the in-stream obstruction. 
However, for trial 3 (simulated vegetation), a small gap of 0.1 m was set in the middle of the 
section to take the PIV measurements (Fig. 3.1d). 
Images were processed using the GUI-based open-source tool PIVlab in MATLAB® 
(Thielicke & Stamhuis, 2014). Pairs of consecutive frames were cross-correlated to estimate the 
most probable particle displacement in small interrogation windows. The correlation matrix was 
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computed by applying a discrete Fourier transform (Soria, 1996), and a spline window 
deformation was used as interpolator. This cross correlation provided us with instantaneous 
velocity fields  across the illuminated area, where x is the 
horizontal coordinate increasing downstream from each obstruction and z is the vertical 
coordinate increasing upwards from the sediment bed. 
Instantaneous velocity fields were time averaged to obtain the mean streamwise velocity 
. Reynolds decomposition was applied to estimate turbulent fluctuations as 
, and then compute turbulent kinetic energy (k) and Reynolds 
stresses (τxz) as 
                                        (3.1) 
assuming . And 
                                           (3.2) 
where ρ is the water density. Vorticity was also computed as (with negative vorticity as 
clockwise rotations): 
                                                            (3.3) 
 
3.2.2. Survival rates 
A subset of eggs in each trial was kept in hatching jars with a gentle upwelling current to 
provide oxygenation and a similar water temperature to the RTF, at 23–24 ˚C, maintained with a 
submersible heater and monitored with HOBO® temperature loggers (Onset Computer 
Corporation, Cape Cod, Massachusetts) as a baseline to ascertain survival differences (% diff = 
(% flume - % jars)*100 / % jars). Each hatching jar housed 500 eggs during trials 1 and 2; but 
only 100 during trial 3 due to the poor-quality eggs. A 500-gallon tank, refilled as needed with 
well water from the same source, supplied the water bath and the flume throughout the 
experiments. On day 5 of each trial, the percentage of surviving larvae in the RTF was computed 




3.2.3. Eggs and larvae spatial distributions 
Drifting and swimming behavior of eggs and larvae was recorded for ~85 consecutive 
hours in each trial with two side-looking cameras, both placed at 0.5 m from the RTF’s test 
section, one next to each other. LED Edge Lit panels (Knema, LLC) were used to illuminate the 
test section from behind, creating a uniform illumination field. A Nikon D7100 camera (24.1MP) 
was used to take time-lapse photos (1 per minute) to generate 1D and 2D plots of transient 
distributions of eggs and larvae across the water column. For 1D plots, custom MATLAB® 
scripts were developed to detect the centroids in each photo, store, and count the number of 
particles within 9 equal intervals (0.044 m each) in the 0.40 m of water depth. These scripts were 
also used to determine the swimming angle with respect to flow with the coordinates (x and y) of 
the head and tail of each larvae used as reference points.  The reference frame for orientation set 
θ = 0° horizontally facing (opposing) the mean flow with 45 degrees increments (positive in 
counter-clockwise direction).  Fifty larvae were selected from each test, from throughout the 
water column, from non-consecutive frames (we selected 5-10 larvae from each frame, and 
selected frames that were at least 1000 frames apart to avoid counting the same larvae multiple 
times). 
For 2D plots, a custom MATLAB® script was developed to estimate percentage 
distributions of eggs and larvae found on 500 images at every developmental period, thus 
identify in more detail the spots of higher probability for successful sampling downstream of 
each obstruction. 
A Nikon D5300 camera (1920 x 1080 video resolution) was used to record 10-min videos 
(30 fps) every 4 hours, to observe drifting and swimming pathways of eggs and larvae based on 
each flow condition and the dependence on developmental stage. Plots of egg and larval 
trajectories were generated from consecutive frames extracted from the videos, which were 
processed to take the maximum of pixel intensities from groups of 300 frames. An extra test was 
conducted with the euthanized larvae on day 5 of each trial. Dead larvae were released back to 
the flume to record an extra 10-min video in each trial to compare their trajectories with live 
larvae. This test allowed us to determine whether live larvae can actively identify and swim 
towards specific desired locations within the flow, or if they are just drifting and being captured 




3.3.1. Flow characterization 
The in-stream obstructions created regions with a large contrast in mean velocity, 
turbulent kinetic energy, and vorticity. In the case of the gravel bump (trial 1), the resulting map 
of the streamwise flow velocity (Fig. 3.2a) shows values ranging from 0 to 0.2 m·s-1. Flow 
moved faster, at a magnitude of 0.2 m·s-1, on top of the gravel bump, and sharply transitioned 
towards a mean 0 m·s-1 immediately downstream of the bump. In this sharp transition in the 
velocity profile there is a region of high k and ω (Fig. 3.2b-c). Values of kmax = 1.5 m2·s-2 and 
ωmax  = – 8 x10-3 s-1 were estimated in this region. Trajectories of “inert particles”, eggs (Fig. 
3.2d) and dead larvae (Fig. 3.2f), were almost uniformly distributed throughout the flow. 
However, live larvae in stage 38 (Fig. 3.2e), capable of horizontal swimming after GBI, avoided 
the region of high k and ω, and actively sought low-energy flow regions.  
For the single cylinder (trial 2), the flow field maps (Fig. 3.3a-c) show a reduced 
streamwise velocity in the wake behind the cylinder, as well as increased k and ω across the 
water depth. Figure 3.3a shows the velocity recovery as water moves past the cylinder, going 
from near 0 m·s-1 mean speed to around 0.1 m·s-1. Figure 3.3b shows the spatial evolution of 
turbulence along the wake, with kmax = 2.0 m2·s-2. Figure 3.3c shows a range of vorticity between 
– 1x10-3 < ω < 1x10-3 s-1, as opposing eddies were distributed throughout the test region. 
Trajectories of eggs and larvae (live and dead) at the same location (Fig. 3.3d-f) show 
that although high levels of k and ω are almost evenly distributed across the water depth, there 
are fewer larvae (both dead and alive) near the free surface within the wake of the cylinder. 
There is also a larger accumulation of larvae than eggs near the bed, with a tendency of live 
larvae to be found in that area; in contrast to dead larvae that (while still passing in greater 





Fig. 3.2. Maps of flow conditions and trajectories of eggs and larvae under the presence of the 
gravel bump in the middle of the straight section. (a) Map of streamwise flow velocity. (b) Map 
of turbulent kinetic energy. (c) Map of vorticity. (d) Trajectories of eggs. (e) Trajectories of live 





Fig. 3.3. Maps of flow conditions and trajectories of eggs and larvae under the presence of the 
single cylinder in the middle of the straight section. (a) Map of streamwise flow velocity. (b) 
Map of turbulent kinetic energy. (c) Map of vorticity. (d) Trajectories of eggs. (e) Trajectories of 





Fig. 3.4. Maps of flow conditions and trajectories of eggs and larvae under the presence of the 
submerged vegetation along the straight section. (a) Map of streamwise flow velocity. (b) Map of 
turbulent kinetic energy. (c) Map of vorticity. (d) Trajectories of eggs. (e) Trajectories of live 









For submerged vegetation (trial 3), velocity was damped within the array (Fig. 3.4a) due 
to the drag force exerted by the vegetation. Velocity decays from 0.18 m·s-1 at the free surface to 
less than 0.05 m·s-1 deep within the array. This transition, while not as sharp as the transition 
observed in trial 1 (gravel bump), generates a shear layer which produces similar turbulent 
kinetic energy and vorticity patterns as trial 1, though with lower magnitudes (kmax = 0.2 m2·s-2 
and ωmax  = -1.5x10-3 s-1) than in the gravel bump. Regions of low k (above and below the top of 
the array) show a clear shear layer with maximum k and ω at the top of the array (Fig. 3.4b,c). 
Drifting and swimming patterns for trial 3 vary amongst “inert particles” and live larvae. Eggs 
(Fig. 3.4d) are found almost uniformly within the water column, with slightly less accumulation 
deep within the array. Live larvae (Fig. 3.4e) accumulated near the free surface, as far as possible 
away from the array-generated shear, clearly avoiding regions of high shear and high k, while 
dead larvae (Fig. 3.4f) are similar in distribution to eggs, evenly distributed across the water 
column. 
Live larvae most often oriented into the current, with at least 60% of larvae oriented 
between 45 and -45 degrees (Figure 3.5), regardless of the flow scenario.  The orientation of 
dead larvae was essentially random, with approximately 50% oriented into the flow and 50% 
oriented away from the flow. 
 
 
3.3.2. Survival rates 
We compared survival rates for all trials against control test on hatching jars (as 
explained in Prada et al. 2018). There was a mortality of at least 55% in hatching jars, which can 
be attributed to biological causes since eggs and larvae were maintained under standard 
aquaculture conditions of oxygenation and temperature. Results of survival rates in both RTF 





Figure 3.5. Swimming orientation distributions of dead and live larvae in relation to the mean 
flow with three different in-stream obstructions: a gravel bump, a single cylinder, and a 
submerged vegetation array. (a) dead larvae with a gravel bump. (b) dead larvae with a single 
cylinder. (c) dead larvae with a submerged vegetation array. (d) live larvae with a gravel bump. 
















rate in flume 
Difference in survival 
rates between flume 
and jars 
Trial 1 - Gravel bump 2000 35.9% 4000 33.5% -6.7% 
Trial 2 - Single 
cylinder 2000 44.9% 4000 39.6% -11.8% 
Trial 3 - Submerged 









The poor quality of eggs in trial 3 due to atresia in the female injected for spawning 
highly affected the survival rates in this trial in both jars and RTF. Survival rates of only 5.5% 
and 3.4% respectively (–38.2% difference) were obtained in this trial, which subsequently 
affected the analysis of transient distributions of eggs and larvae across the water column. For 
the other two trials, survival rates were much higher than in trial 3, and also showed us that 
mortality was higher in the RTF, due to the eggs and larvae traveling through moving water, 
interacting with sediment and obstructions, and experiencing higher levels of turbulence both at 
the obstructions and at the disk pump (–6.7% and –11.8% difference in survival rates for trials 1 
and 2 respectively).  
In trial 1, some of the eggs in suspension were in contact with the gravel bump or settled 
for some time at the zone of low velocity and low turbulence downstream of this obstruction. 
However, they were not buried in the sediment; eggs were continuously picked up by passing 
eddies, thus the overall survival was not directly affected by the recirculation zone.  
 
3.3.3. Eggs and larvae spatial distributions 
A wide range in egg size was obtained amongst all trials (3–5 mm), which is a 
representative sample of the common range of grass carp eggs in natural settings (Korwin-
Kossakowski, 2008). Nearly translucent eggs were visible in the images due to the opacity of the 
yolk. Once they hatched, approximately 30 hours after fertilization, larvae were almost 
transparent. Although difficult to see without proper illumination, larvae were identifiable 
against the lit background. At approximately 65 hours post fertilization, pigmentation in the eyes 
and back of the larvae increased, allowing for easier detection. A total of 4985 time-lapse photos 
was taken on trial 1, 5063 on trial 2, and 1920 on trial 3, all at 1-minute intervals. These pictures 
allow us to extract vertical distributions of particles detected through the ~85 consecutive hours 
of analysis (represented as colormaps in Fig. 3.6), along with the total number of particles 
detected at each time step (time series on top of each colormap on Fig. 3.6). 
For trial 1 (Fig. 3.6a), in period 1 (developmental stages 8-30), eggs were detected mostly 
in the lower 50% of the water column, with about 40% of them just downstream of the gravel 
bump. In the vertical-swimming period 2 (pre-GBI, developmental stages 31-36), larvae were 
more evenly spread throughout the water column. In period 3 (post-GBI, developmental stages 
37-38), larvae swam horizontally and remained suspended near the bottom, also downstream of 
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the gravel bump, but more concentrated with about 60% of them in this low-velocity area. 
Larvae in period 3 showed a clear tendency to swim towards zones of low turbulence and 
vorticity levels (Fig. 3.2b-c), and used the gravel bump as a shelter, with active swimming within 
that low turbulence and shear zone.  
For trial 2 (Fig. 3.6b), the vertical distribution of eggs and larvae was fairly consistent 
throughout the experiment. Eggs and larvae were spread across the water depth although more 
concentrated towards the bottom, especially for larvae in period 3 (~30%). For trial 3 (Fig. 3.6c), 
in period 1, eggs spread almost uniformly across the water column, with a slightly larger number 
concentrated near the bottom. In period 2 of trial 3, because the survival rate was very low in the 
RTF (3.4%, only 136 larvae recovered out of 4,000 eggs), the experiment was stopped 2 hours 
after the end of period 1. At the end of trial 2, we predicted possible spawning issues could occur 
for our last trial (trial 3, submerged vegetation) due to atresia in the available females, which 
would result in low quality eggs and low survival rate. To ensure enough larvae to test our 
submerged vegetation scenario (trial 3), the surviving larvae from trial 2 (in stage 38) were used 
for testing the conditions of trial 3. As expected, the batch of eggs used for trial 3 allowed us to 







Fig. 3.6. Number of particles identified along the length of the experiments and vertical 
distribution of egg and larvae across the water depth. (a) trial 1 (Gravel bump), (b) trial 2 (Single 






Figure 3.7 shows the 2D plots of percentage distributions. Distances (x and y) in Fig. 3.7 
were scaled using the water depth (h), and the obstructions, gravel bump and single cylinder, are 
just beyond the window of analysis, with the right border of the window corresponding to the 
downstream edge of the bump and the cylinder. In trial 1 (gravel bump), the majority of eggs and 
pre-GBI larvae were found within a distance no longer than about 0.20h from the downstream 
edge of the bump down in the region of low k. However, larvae in stages 37-38 were more likely 
to be found towards 0.3-0.6h downstream of the bump. In the other two cases, the single cylinder 
and submerged vegetation, eggs and larvae in both stages were more uniformly distributed 
within the window of analysis at the water depths observed in Fig. 3.6. 
 
3.4. Discussion 
In our characterization of the interaction between grass carp eggs and larvae with in-
stream obstructions, we identified typical distributions of eggs and larvae throughout the water 
column in relation to turbulence and vorticity levels, and related turbulence to the rates of 
mortality of eggs in moving water. Survival of early life stages of fish is highly variable and 
mortality can result from any number of causes (Houde 2002), but the physical factors in this 
experiment can be important when considering natural mortality rates. In a previous experiment, 
Prada et al. (2018) reported an increase in mortality due to a combination of higher levels of 
velocity, turbulence, and abrasion by interaction with sediment particles on a flat bed. In this 
study, we also observed higher mortality rates due to interaction of eggs and larvae with 
sediment bed, in-stream obstructions, and high turbulence levels compared to the control jars. 
However, the in-stream obstructions did not substantially increase the egg mortality compared to 
Prada et al. (2018) where higher flow speeds caused: a) higher resuspension rates resulting in 
more egg-sediment interaction and abrasion, b) higher shear experienced by eggs and larvae as 
they passed through the disk pump, and c) direct impact with the disks at the highest speed. This 
is part of the motivation behind the turbulence tank study, to isolate the effect of pure shear and 







Fig. 3.7. Distributions of eggs and larvae downstream of each obstruction presented as a 
percentage. x-y axes were non-dimensionalized with the water depth (h). (a-c) Trial 1: eggs, pre-
GBI larvae, and post-GBI larvae respectively. (d-f) Trial 2: eggs, pre-GBI larvae, and post-GBI 
larvae respectively. (g-h) Trial 3: eggs, and post-GBI larvae respectively. Note that the colorbar 
for (a-c) has a different scale. 
 
Our vertical distributions in 1D and 2D (Fig. 3.6 and 3.7) provide insight into changes in 
behavior as the larvae hatch and develop their swimming capabilities. Consistent with George et 
al. (2018), larvae at GBI stages (37-38) showed strong active swimming capabilities including 
high maximum speeds that allowed them to search for and remain in areas of low shear and 
turbulence. As observed in Prada et al. (2018), larvae seldom exceeded the velocity of the water 
to travel upstream when in the main flow field, but did use short burst movements to escape 
zones of higher turbulence and shear. In areas with low turbulence and shear (e.g. behind the 
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gravel bump), movement occurred in all directions and at a range of velocities. Swimming 
abilities and speeds further increase with ontogeny, and more advanced larvae would be expected 
to be able to effectively use different areas of flow refuge when moving laterally from the 
mainstream river into nursery habitats. These capabilities were corroborated by contrasting the 
flow fields with trajectories and spatial distributions of both live and dead larvae. The trajectories 
followed by dead larvae were merely driven by the flow, instantaneous turbulent fluctuations, 
and coherent flow structures capturing larvae as inert particles suspended in flow, showing a 
behavior similar to eggs. 
Comparing the flow fields in trials 1 and 3, we found some similarities in velocity 
profiles. Both are reduced towards 0 m·s-1 as flow interacts with the obstruction. However, there 
are two fundamental differences between these cases: 1) There is a clear recirculation zone 
behind the gravel bump, driven by large eddies on a vertical x-z plane, which propagates far 
downstream from the obstacle in trial 1; but no recirculation area within the gap in the array of 
rigid cylinders. 2) The gravel in trial 1 generated coherent flow structures mostly on the x-z 
plane, whereas the rigid cylinder array generated smaller stem-scale eddies on x-y planes. Thus, 
even if the flow speed was reduced within the array, larvae did not actively seek this region for 
shelter; they instead avoided this region.  
Turbulent eddies created by the vegetation array scale with the diameter of individual 
cylinders (6.4 mm), which is close to the size of larvae (~10 mm). These results are specific for 
arrays of rigid cylinders, where a single relevant scale (i.e. stem diameter) drives the stem-scale 
turbulence generation. Flexible vegetation in the field could provide shelter for larvae due to the 
multiple length scales present in patches of flexible aquatic vegetation. A denser and more 
heterogeneous patch would allow for recirculation zones within the patch, more like the scenario 
in trial 1. However, our study with rigid cylinders allowed us to identify turbulence scales that 
were not attractive for grass carp larvae. 
Although swimming biomechanics vary among species, fish larvae in general adopt a 
resistive swimming style, propelling themselves with undulations of their body, thus generating 
wakes and flows (Müller et al. 2000; Müller et al. 2007). The presence of coherent flow 
structures can further affect fish response to these flows, particularly if the size of the eddies is 
similar to the size of the larvae (Pavlov et al. 2000; Cada and Odeh 2001; Smith et al. 2014). As 
in previously reported in Prada et al. 2018, grass carp larvae were primarily oriented into the 
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flow (positive rheotaxis) at all water velocities and developmental stages tested.  Prada et al. 
2018 showed that although the percentage of fish exhibiting positive rheotaxis varied with 
developmental stage, flow velocity, and position within the water column, orientation into the 
flow was consistent (with levels exceeding 60%) at all tested stages, positions, and velocities. 
Eddies of the same size as the larvae are able to destabilize their position relative to the 
flow, affecting their swimming capabilities (Pavlov et al. 2008). Each eddy has the energy and 
momentum to transfer rotation over a submerged body of similar size. As noticed in the case of 
submerged vegetation, where the size of stem-scale eddies was within the same order of 
magnitude as the size of larvae, eddies can drive larvae away from the array. Larvae prefer to 
swim above the array where velocity is higher but k and ω are smaller. Our data suggest the 
possibility to design a similar flow scenario in rivers that would allow a directed movement of 
larvae into particular areas to reduce or enhance recruitment, as desired, based not only on 
magnitude of turbulence, but also on its representative length scales. In the case of invasive 
species, movement could be directed to poor habitat quality that would reduce recruitment, or 
areas where larvae could be easily collected. 
By quantifying the altered flow due to in-stream obstructions (velocity, turbulence, and 
vorticity fields), and relating them to changes in mortality, as well as identifying pathways and 
swimming capabilities of grass carp eggs and larvae, we have generated a unique dataset to 
better inform monitoring, sampling, and control of grass carp recruitment in streams. Our 
observations serve as the basis for improvements of field campaigns for sampling and collection 
of early life stage fish, as well as for the development of new strategies to control the spread of 




Experiments revealed that the spread across the water depth changes as fish develop, so 
they can be found at different locations depending on their developmental stage. We observed an 
active response of larvae seeking shelters and avoiding damaging areas, instead of behaving as 
passive particles. Larvae after gas bladder emergence showed strong active swimming 
capabilities including high maximum speeds that allowed them to search for and remain in areas 
of low shear and turbulence. Larvae at this stage seldom exceeded the velocity of the water to 
60 
 
travel upstream when in the main flow field, but did use short burst movements to escape zones 
of higher turbulence and shear. In areas with low turbulence and shear (e.g. behind the gravel 
bump), movement occurred in all directions and at a range of velocities. 
The presence of coherent flow structures can further affect fish response to these flows, 
particularly if the size of the eddies is similar to the size of the larvae. Eddies of the same size as 
the larvae are able to destabilize their position relative to the flow, affecting their swimming 
capabilities. Each eddy has the energy and momentum to transfer rotation over a submerged 
body of similar size. Our study with rigid cylinders allowed us to identify turbulence scales, as 
the stem-scale, which was close to the size of larvae and was not attractive for larvae. Our data 
suggest the possibility to design a similar flow scenario in rivers that would allow a directed 
movement of larvae into particular areas to reduce or enhance recruitment, as desired, based not 
only on magnitude of turbulence, but also on its representative length scales. In the case of 
invasive species, movement could be directed to poor habitat quality that would reduce 

















CHAPTER 4: LETHAL AND SUBLETHAL EFFECTS OF TURBULENCE ON GRASS 




Natural reproduction of grass carp has been confirmed in tributaries of the Great Lakes 
(e.g. Chapman et al 2013, Embke et al 2016). These tributaries have enough length, and optimal 
hydraulic and water-quality conditions to allow successful spawning and transport of their eggs 
until hatching (Kocovsky et al 2012, Murphy and Jackson 2013). They all exhibit sufficient 
levels of turbulence to maintain eggs in suspension, as eggs transition through several stages 
before hatching. Egg suspension is crucial to ensure their development, as settlement represents a 
threat to their survival (Murphy and Jackson 2013). 
After eggs are released and fertilized, water enters the egg membrane causing the egg 
expansion. This growing stage is known as water-hardening, and lasts for about 5 hours (George 
et al 2017). After those 5 hours the egg becomes water-hardened and its diameter and density 
remains constant until hatching, although less dense after the water absorption (George et al 
2017). Despite the egg stage, the membrane is exposed to external forces that can damage it as it 
is transported by the flow. The mechanisms of mechanical damage of fish eggs can be detailed in 
terms of pressure change, acceleration, and shear stress within the fluid flow field (Ulanowicz, 
1975). As early as in the 1960s, fish culturists have been aware of the sensitivity of fish eggs to 
mechanical damage in the control environment of the hatchery (Ulanowicz, 1975). 
The susceptibility to mechanical damage at embryonic stages can be considered a key 
factor in the design of alternatives that promote or reduce the trapping of grass carp eggs at high 
turbulence, thus affecting the probability of successful hatching in natural streams. Prada et al 
(2018) reported some evidence of mortality of grass carp eggs due to a combined effect of 
turbulence, shear, egg-sediment interactions, and potential collisions with the disk-pump or 
flume walls in a laboratory experiment. In this study, we examine enhanced flow turbulence 
levels as an alternative control strategy through turbulence-induced mortality, and documented 
the lethal and sublethal effects prior and after hatching. We used an oscillating grid-stirred 
turbulence tank to test several batches of pre-water-hardened and water-hardened grass carp eggs 







4.2.1. Experimental procedure  
Batches of 100 pre-water-hardened and water-hardened eggs (Figure 4.1) were tested 
under increased levels of turbulence in an oscillating grid-stirred turbulence tank for time 
exposures of 10, 20, 80, and 320 seconds. The turbulence tank has dimensions of 0.5m x 0.5m x 
0.5m, and was filled with 0.2 m of water (Figure 4.2). The grid is composed of bars with squared 
section of 0.012 m in width, and spacing of 0.05 m. 
In each test, eggs were dropped in the tank and subjected to the turbulence generated by 
the oscillating grid at motor frequencies of 0, 100, 200, 240, 280, 320, 360, and 400 Hz. A linear 
relationship exists between the inverter frequency and the rotation speed of the motor, given by 
Ω [RPM] = 1.07 f [Hz]. A stable level of turbulence is reached throughout the tank after 30 
seconds, based on previous ADV measurements. 
A total of 32 tests were run for each kind of eggs (8 motor frequencies x 4 time 
exposures), and each test was repeated 3 times, i.e. a total of 19,200 eggs were used (9,600 pre-
water-hardened and 9,600 water-hardened). After each test, eggs were removed from the tank 
with handheld nets and only those with intact membrane were counted as survivors in an initial 
screening. However, all eggs, including those with damaged membrane, were conserved to 
confirm survival and for later inspection of sublethal effects (i.e., mortality and abnormalities). 
 
 
Fig. 4.1. Fertilized grass carp eggs seen in the microscope at different developmental stages. (a) 










4.2.2. Turbulence quantification 
 
Turbulence was characterized in the tank using a 2D Particle Image Velocimetry (PIV) 
system, with a 60fps 5MP monochromatic camera and a 5W Continuous-Wave 532nm Laser. A 
vertical laser sheet was generated perpendicular to the grid, entering from one side of the tank in 
the middle of its cross section, creating a vertical light sheet that illuminated neutrally-buoyant 
silver-coated hollow glass spheres with a mean diameter of 10 µm (Figure 4.2). Fields of 
turbulent kinetic energy ( ) and Reynolds stresses 
( ) were generated with the post-processing tool PIVlab in 
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MATLAB® (Thielicke & Stamhuis, 2014), where  and 
 are the turbulent fluctuations calculated from Reynolds 
decomposition. 
Vertical flux of turbulent kinetic energy (Qw) was found relevant to visualize the spread 
of k within the tank, thus we calculate it from our PIV data to better understand the turbulent 
mechanisms suspending and damaging the eggs. We calculate it as: 
 
                                                        (4.1) 
 






Fields of k, Qw, and τxz obtained from PIV measurements in the 0.1-m gap are shown in 
Figures 4.3, 4.4, and 4.5 respectively. Time-averaged values of up to k = 1.0 m2/s2 and τxz = 30 
N/m2, and maximum average magnitudes of kmax = 2.70 m2/s2 and τmax = 37 N/m2 were registered 
slightly above mid-depth for the highest frequency of the stirred grid (f = 400 Hz). Eggs were 
observed in suspension within the 0.1-m gap as they were lifted by the turbulence fluctuations 
that spread everywhere as the fluxes (Qw) indicate in Figure 4.4. Eggs that reached the grid 
passed within the grid openings, and did not impact the grid itself. 
Figures 4.6a,b and 4.7a,b show percentages of intact membranes after the tests. Similar 
percentages were obtained for both pre-water-hardened and water-hardened eggs (near 70 to 
80%) for the slower cases where kmax did not exceed 1.0 m2/s2 (or 15 N/m2), suggesting that 
within this range the damage of few eggs was most likely due to handling. A drop in survival 
rates occured when kmax exceeded 1.0 m2/s2 (or 15 N/m2) for both kinds of eggs (Figures 4.6a,b 
and 4.7a,b). At kmax = 2.7 m2/s2 and τmax = 37 N/m2, all membranes of pre-water-hardened eggs 
were damaged under time exposures of 20 seconds or more, and 20% remained intact for 
exposure of 10 seconds (Figures 4.6a and 4.7a).  
Sublethal and lethal effects observed after hatching ranged in severity from yolk sac 
deterioration, pericardial edema, and underdevelopment to spinal deformities and missing heads. 
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Those larvae showing any of these malformations were considered as “unlikely to recruit” 
(Figures 4.6c,d and 4.7c,d). The trend observed for recruitment was similar to the damaged 
membranes counts, although percentages were lower. Water-hardened eggs seemed to offer more 
protection to the larva inside, and about 30% of larvae successfully recruited even after exposure 




Fig. 4.3. Turbulent kinetic energy (k) fields for f = 100 Hz (a), f = 200 Hz (b), f = 240 Hz (c), f = 





Fig. 4.4. Fluxes of turbulent kinetic energy (Qw) for f = 100 Hz (a), f = 200 Hz (b), f = 240 Hz 




Fig. 4.5. Distribution of Reynolds stresses for f = 100 Hz (a), f = 200 Hz (b), f = 240 Hz (c), f = 






Fig. 4.6. Percentages of intact membranes for pre-water-hardened (a) and water-hardened eggs 
(b), and percentages of recruitment for pre-water-hardened (c) and water-hardened eggs (d) as a 




Fig. 4.7. Percentages of intact membranes for pre-water-hardened (a) and water-hardened eggs 
(b), and percentages of recruitment for pre-water-hardened (c) and water-hardened eggs (d) as a 







Morgan et al. (1976) tested the damage of striped bass (Morone saxatilis) and white 
perch (Morone americana) eggs to shear stresses. They used an annular water tank to generate 
shear with the rotation of a plexiglass cylinder in the middle of the tank, and estimated damage in 
the 36-38% of eggs for 1 minute exposure, and 88-89% for 4 minutes exposure to shear stresses 
of 35 N/m2. We tested the effect of shear and turbulence in a grid-stirred tank noticing an 
increase in egg membrane damage and morphologically abnormal embryos for magnitudes of 
turbulent kinetic energy greater than 1.0 m2/s2, and Reynolds stresses greater than 15 N/m2 for 
exposures as short as 10 seconds. This time was sufficient to reduce the probability of 
recruitment to zero once k reached 2.7 m2/s2 (τxz > 35 N/m2) in the pre-water-hardened egg stage.  
The membrane of water-hardened eggs showed more resistance to flow stresses, and 
although all membranes were damaged at kmax = 2.7 m2/s2 and τmax = 37 N/m2 for 320 seconds, 
almost 40% remained intact after 10 seconds exposure, and more than 20% after 20 seconds 
(Figures 4.6b and 4.7b). The water-hardened stage offered also more protection to the larva 
inside as 30% of larvae successfully recruited even after exposure to 2.7 m2/s2 (or 37 N/m2) for 
10 and 20 seconds (Figures 4.6d and 4.7d). While many of the abnormalities observed after 
hatching are lethal, others have potential long-term sublethal effects that reduce the fitness and 
competitive ability of the larvae. 
The values recreated in this study are consistent with tutrbulent features in the field. 
Magnitudes of shear and turbulence kmax reported in a stilling basin downstream of a dam 
spillway can reach 10 m2/s2 and maintain values above 2 m2/s2 for up to 100 m downstream of 
the spillway (Zhao and Wang, 2019). Odeh et al. (2002) listed previous reports that documented 
magnitudes of common shear stresses (in N/m2) associated with average flows in natural streams 
(Table 4.1). Lancaster and Hildrew (1993) measured near-bed shear stresses in small streams (W 
= 1.38 to 3.15 m and D = 0.123 to 0.245 m, where W is mean channel width and D is mean 
channel depth) of 1 N/m2 at moderate discharges (~0.006 m3/s) and less than 7 N/m2 at high 
discharges (~0.543 m3/s), and Statzner and Müller (1989) reported 90 measurements of near-bed 
shear stress in 3 medium-sized streams (W = 2 to 6 m, with discharges of 0.4 to 1.42 m3/s) with 
most estimates near 30 N/m2. Large rivers, such as the Mississippi River, produce shear stresses 
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of 6 to 10 N/m2 in flood stage (Costa 1987), though local shear stresses can be highly variable 
especially near in-stream structures (Jamieson et al., 2011). 
 
Table 4.1. Estimates of shear stress in natural and altered aquatic systems (adopted from Odeh et 
al 2002) 
Environment Shear stress (N/m2) Reference 
Water column in a trout 
stream, average flow 
< 1.0 Fausch and White 
(1981) 




Most < 30, although 
some > 200 
Statzner and Müller 
(1989) 
Flash floods, small 
basins 
61 – 2600  Costa (1987) 
Floods, large rivers 6 – 10 Costa (1987) 
Bulb turbine draft tube 500 – 5,421 McEwen and Scobie 
(1992) 
Near ships’ hulls and 
wakes 
7.6 – 40.4 Morgan et al (1976) 
Near barge propeller ≥ 5,000 Killgore et al (1987) 
 
 
The thresholds of k and τxz found in our study can be used to identify areas in streams 
where most damage to the eggs is expected at various developmental stages, and to evaluate 
whether natural or anthropogenic features could cause mortality where survival of eggs is 
desirable. In-stream structures and control mechanisms, such as weirs or bubble curtains, could 
be designed to force grass carp eggs to pass through or be detained in high turbulence zones, 
potentially increasing mortality rates in streams during spawning seasons. Early-life stages of the 
bigheaded carps are largely similar to the grass carp, and these results are likely applicable to 
control or enhancement of those species as well. Furthermore, most North American fishes with 
drifting eggs and larvae spawn earlier in the year than grass carp or bigheaded carps (Galat et al. 
2005), thus such control mechanisms might be deployed only at times which would minimize 









The proposed study investigated the susceptibility of pre-water-hardened and water-
hardened eggs to be harmed by turbulence, and analyzed abnormalities after hatching. Many 
abnormalities were observed in embryos for exposures to increased turbulence, that can be easily 
found in the field, for periods as short as 10 seconds. These abnormalities can be lethal and 
others have potential long-term sublethal effects that reduce the fitness and competitive ability of 
the larvae. The membrane of water-hardened eggs offered more resistance to flow stresses and 
more protection to the larva inside compared to the pre-water-hardened egg stage. 
These findings are a key factor in the design of in-stream structures in rivers to induce 
























CHAPTER 5: TURBULENCE AS A BARRIER FOR INVASIVE FISH IN RIVERS: A 




The study of dispersion of invasive fish larvae in fluvial freshwater ecosystems is a 
challenging task, as the small size of larvae prevents a direct observation of this phenomenon in 
the field. Larvae do not behave simply as inert particles traveling with the flow. As larvae grow, 
they develop a major ‘active’ component to swim and resist the hydraulic forces in rivers 
(Pavlov et al 2008, Lechner et al 2014). This active swimming component is family-specific and 
stage-specific (Lechner et al 2014), as all larvae develop swimming capabilities to find safe 
nursery habitats with desirable water temperature and food availability, minimizing mortality and 
maximizing successful dispersal (Pavlov 1994, Keckeis et al 1997, Schiemer et al 2003).  
Larvae go through several life stages where marked behavioral and anatomical changes 
determine their active swimming response (Chapman and George 2011, George and Chapman 
2013, George et al 2015). Larvae transition from vertical to horizontal swimming as they develop 
the gas bladder emergence, which allows them to move laterally and hold position within the 
water column (George et al 2018). Larvae differ from adult fish in their interaction with the 
physical environment as they perceive their environment at their own relevant scales (Smith et al 
2014). Several studies have reported how coherent turbulent structures may decrease fish 
swimming stability, especially eddies of similar size than the fish (e.g. Pavlov et al 2000, Cada 
and Odeh 2001, Metaxas 2001). Fish of larger size than the surrounding eddies are typically 
unaffected, whereas fish of similar size than eddies can be disturbed and destabilized (Metaxas 
2001, Tritico and Cotel 2010). 
If larvae are destabilized by the flow turbulence, they may lose their ability to maintain 
position and can be swept away by the river discharge, influencing also their dispersal (Reichard 
and Jurajda 2007, Schludermann et al 2012, Lechner et al 2018). Understanding the limitations 
of their swimming capabilities as a function of mean and turbulent flow parameters is thus 
critical to monitor, manage, and predict their spread at those early-life stages. In this study, we 
are particularly interested in characterizing the swimming response of grass carp larvae 
(Ctenopharyngodon idella) to contribute to better predictions of their transport in natural 
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streams, as they have become established in the central United States, where they are considered 
problematic invaders (Chick and Pegg 2001; Parker et al. 2016; Kočovský et al. 2018). 
Prada et al. (2020) reported that grass carp larvae reacted and swam away from stem-
scale eddies created by a submerged vegetation array with rigid elements of diameter size in the 
same order of magnitude as the size of larvae. Larvae showed in that case a preference to drift on 
top of the array where the vorticity generated by the elements was negligible, even if the mean 
flow velocity was higher than within the array. Likewise, other laboratory studies (e.g. George et 
al 2018, Prada et al 2018) have documented the swimming response of grass carp larvae to 
altered flow conditions and various turbulent scales. The estimation of threshold magnitudes of 
turbulence and turbulent spatial and temporal scales as triggers of larval response are thus of 
vital importance in controlling their spread and reproduction at early-life stages in North 
America. 
The objective of this study is to observe the swimming response of grass carp larvae (in 
stage 38 based on stages described by Yi et al. 1988 and George and Chapman 2015) to altered 
flows recreated in a laboratory flume setup, and to quantify the physical processes driving such a 
response. Three different configurations were built in the flume: (1) a gravel bump, (2) a single 
cylinder, and (3) rigid-submerged vegetation, which created a broad range of flow conditions and 
turbulent scales, driven by changes of flow velocity and water depth. We report threshold values 
of turbulent kinetic energy and Reynolds stresses that triggered the response of larvae, based on 
the measured swimming speeds for each flow condition. The observed patterns will contribute to 
the enhancement of larvae sampling and collection in the field, as well as to the development of 
numerical tools for larvae transport in natural streams that consider their active swimming 
capabilities. 
 
5.2. Materials and methods 
5.2.1. Experimental setup 
5.2.1.1. Race-track flume (RTF) 
A series of laboratory experiments with live grass carp larvae (Ctenopharyngodon idella) 
was conducted at the Ven Te Chow Hydrosystems Laboratory (VTCHL) of the University of 
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Illinois at Urbana-Champaign. Authorization to use live eggs and larvae for research purposes 
was obtained from the Illinois Department of Natural Resources (Permit No. 18-050).  
The VTCHL counts with a unique Odell-Kovasznay type flume (Odell & Kovasznay, 
1971), which is a Race-Track Flume (RTF) where the flow is driven by a vertical-axis disk 
pump, designed to break down secondary flow structures as water moves in a continuous loop to 
reach fully developed flows. The disk pump is controlled by a frequency inverter, with a 
relationship between the inverter frequency (f) and the rotation speed (Ω) of the disk pump given 
by Ω [RPM] = 6.6 f [Hz]. The RTF has a constant width of 0.15 m and a straight test section of 
2.0 m in length. A 0.1-m thick flat sediment bed was placed for the experimental series along the 
straight section. The sediment bed was composed of a mixture of walnut shells and sand (bulk 
sediment density ρp = 1250 kg/m3, settling velocity wp = 1.89x10-2 m/s, and size {D16, D50, 
D84} = {0.41, 0.54, 0.66} mm) (Prada et al., 2018). 
Swimming capabilities of grass carp larvae were measured at the test section, placing 3 
different in-stream obstructions over the sediment bed. The in-stream obstructions were a gravel 
bump, a single cylinder, and arrays of rigid-submerged vegetation (Figure 5.1). Two different 
water depths were tested, H = 0.2 and 0.4 m measured over the sediment bed, for 4 disk pump 
frequencies of 10, 15, 20, and 25 Hz. The width-to-depth ratios in the straight section were 3/4 
for H = 0.2 m and 3/8 for H = 0.4 m. The boundary layers created in this flume by the side walls 
are very thin, and do not affect the mean flow (Prada et al 2020). 
The gravel bump placed in the middle of the test section had a height of 0.12-m and was 
composed of gravel (mean size of 350 mm) contained in a mesh bag (Figures 5.1a-b). The single 
cylinder embedded in the middle of the test section was a 2” (51 mm) PVC pipe that allowed for 
49 mm of space between the cylinder and the walls of the flume (Figures 5.1c-d). The rigid-
submerged vegetation array was extended along the test section (Figures 5.1e-f). The rigid 
vegetation followed a staggered configuration with average spacing between rods of 0.034 m, 
porosity of 6.3x10-3, and volumetric frontal area a = 1.27 [1/m], with acrylic rods of 6.4 mm in 
diameter and 100 mm in height (i.e. 100 mm protruding above the sand bed). The roughness 
density (ah) is 0.127 (intermediate regime), which ensures the onset of a two-layer flow and 





Figure 5.1. RTF straight test section for each flow scenario (not to scale). Gravel bump case for 
H = 0.4 m (a) and H = 0.2 m (b). Single cylinder case for H = 0.4 m (c) and H = 0.2 m (d). Rigid-
submerged vegetation for H = 0.4 m (e) and H = 0.2 m (f). 
 
Instantaneous velocity components in the x, y, and z directions are denoted by u, v, and w. 
The dominant mean-flow direction is in x, vertical is z, and lateral y. Flow was characterized 
using 2D Particle Image Velocimetry (PIV), illuminating neutrally-buoyant silver-coated hollow 
glass spheres of 10 µm in diameter with a laser sheet generated by a 5W Continuous-Wave 
532nm laser. The laser sheet was generated at a fixed location from the top, parallel to the mean 
flow at the center of the in-stream obstruction. In the case of vegetation, a small gap of 0.1 m 
was set in the middle of the section to record the particle movement (Figures 5.1e-f). All PIV 
measurements were recorded at 60fps for 1 minute with a 5MP monochromatic camera after the 
tests with live-fish to avoid: a) dissolved microspheres affecting larval health, and b) altering 
larval behavior due to the laser light sheet. 
 The range of velocities tested went from 4 to 20 cm/s. Froude and Reynolds numbers 
considering the incoming free-stream velocity preceding the obstacle (Uc) and the corresponding 
characteristic length scale for each case (e.g. Rh = hydraulic radius, H = water depth, h = gravel 
bump height, D = cylinder diameter, d = rigid element diameter) indicate all flows are within 





Table 5.1. Free-stream velocity Uc and non-dimensional parameters for the different scenarios. 
Case 
 
H = 0.2 m H = 0.4 m 
F [Hz] 10 15 20 25 10 15 20 25 
Uc [m/s] 0.044 0.064 0.084 0.104 0.08 0.11 0.15 0.19 
All  
2,400 3,491 4,582 5,673 5,053 6,947 9,474 12,000 
 
8,800 12,800 16,800 20,800 32,000 44,000 60,000 76,000 
Gravel  
 
5,280 7,680 10,080 12,480 9,600 13,200 18,000 22,800 
Cylinder 
 
2,244 3,264 4,284 5,304 4,080 5,610 7,650 9,690 
Vegetation  282 410 538 665 512 704 960 1,216 
All 
 
0.031 0.046 0.060 0.074 0.040 0.056 0.076 0.096 
 
 
In the case of the rigid vegetation, the velocity decelerates within the canopy due to the 
canopy drag, and a mixing layer is formed (Chen et al. 2013). The initial velocity deceleration 
goes from the beginning of the canopy until a distance XD downstream that scales with the 
canopy drag length scale (Lc) and the canopy drag coefficient (CD) as  
(Chen et al. 2013). Lc is a function of the canopy density (a), and can be approximated as 
 (Belcher et al. 2003). CD is determined from the rigid element Reynolds number 
(Red) using an empirical relation presented by White (1991), . We estimate 
from the Reynolds numbers Red = 282 – 1,216 (Table 5.1) a drag coefficient of CD = 1.1. The 
canopy drag length scale would be Lc = 1.43 m, with an initial deceleration zone until XD = 2.83 
m. 
The straight test section of the RTF is 2.0 m long (< XD), and the PIV measurements for 
rigid vegetation were taken 1.3 m downstream from the leading edge of the canopy. Our results 
are thus within the initial adjustment region over the canopy, representative of finite vegetated 
patches in streams, rather than continuous fully developed vegetated flows. Flow at the top of the 
canopy, however, does generate the expected mixing layer given our canopy density, ah > 0.1, 
high enough to create an inflection point in the velocity profile and shift the maximum 
turbulence and Reynolds stress levels to the top of the canopy. 
The gravel obstruction is representative of gravel mounds and is expected to generate a 
recirculation zone at the downstream end, with a shear layer developed between the low velocity 
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behind and high velocity above the obstruction, resulting in larger-than-larvae eddies oriented 
mainly on a vertical plane. The single cylinder is representative of piles. In contrast with the 
other two scenarios, this one is not expected to create a two-layer flow, but rather produce larger-
than-larvae eddies in horizontal planes due to turbulent wake past the cylinder, with time- and 
length scales in function of its diameter and Red. 
 
5.2.1.2. Live larvae 
Adult grass carp were set for spawning by hormone injection at the U.S. Geological 
Survey Columbia Environmental Research Center (CERC) in Columbia MO. At CERC, 
spawned eggs were fertilized and then transported to the VTCHL in Urbana, IL. Prada et al 
(2020) documented the dispersion of the eggs and larvae over various developmental stages for 
the flume setups described in section 2.1.1. (Figures 5.1a,c,e) keeping a constant water depth of 
0.4 m and a constant velocity for the duration of the tests.  
In addition to the long-term (4-days) tests documented in Prada et al (2020), shorter 
experimental series were conducted with various velocities and water depths at the end of each 
test. Surviving larvae from the flume experiments and from the control hatching tanks as 
reported in Prada et al. (2020) were used for the tests presented in this manuscript. The total 
number of larvae used for the gravel bump, single cylinder, and vegetation array, were 2058, 
2482, and 2482, respectively. The same surviving larvae from the single cylinder case was used 
for the rigid-submerged vegetation case.  
Larvae for these tests were all at developmental stage 38 (according to Yi et al. 1988 and 
George and Chapman 2015), i.e., over 50 hours after egg hatching, with gas bladder already 
emerged, allowing larvae to swim horizontally and hold position within the water column. 
Larvae at this stage have a size of 6-7 mm and are often captured in off-channel low velocity 
habitats (George et al. 2017), which are often considered nursery areas for grass carp and, where 
development to older juvenile stages occurs. 
Larvae swimming performance over the in-stream obstructions for each velocity and 
water depth was recorded in 5-min videos with a Nikon D5300 camera (1920 x 1080 video 
resolution) at 30 fps. The camera was placed 0.5 m in front of the RTF’s test section. LED Edge 
Lit panels (Knema, LLC) were used to illuminate the test section from behind, creating a 
uniform illumination field. At the end of each test case, all larvae were euthanized using MS-222 
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(tricaine methanesulfonate) according to protocol, to prevent the escape of eggs or larvae from 
the facility. Remaining organic material was filtered and incinerated. 
 
5.2.2. Data processing 
5.2.2.1. Flow data 
Series of images of the illuminated tracer particles in the flow were processed using the 
GUI-based open-source tool PIVlab in MATLAB® (Thielicke & Stamhuis, 2014). Post-
processing yields instantaneous velocity fields  and  across the images field of 
view, where x is the horizontal coordinate increasing downstream from each obstruction and z is 
the vertical coordinate increasing upwards from the sediment bed. 
Instantaneous velocity fields were time-averaged to obtain the mean velocities 
 and . Reynolds decomposition is used to calculate turbulent 
fluctuations as  and . Turbulent kinetic 
energy (k) and Reynolds stresses (τxz) were estimated as: 
 
                                        (5.1) 
 
assuming  (e.g. Tanino and Nepf 2007). And 
 
                                             (5.2) 
 
where ρ is the water density. Profiles of k and τxz for gravel bump and rigid vegetation cases were 
scaled using the characteristic velocity difference (Us) for plane mixing layers (Pope 2000) given 
as: 
                                                            (5.3) 
 
where Uh and Ul are the mean uniform velocities of each layer (Uh > Ul). For single cylinder, Us 
for a plane wake is given as: 




where  represents spatial averaging over x within the field of view (Pope 2000). 
 Vertical flux of turbulent kinetic energy (Qw) was found relevant to understand the spread 
of k from the mixing layers, thus we calculate it from our PIV data to assess whether is a useful 
metric to interpret larvae behavior. We calculate it as: 
 
                                                        (5.5) 
 
where q2 = 2k. Qw is constant in the intermediate region of an open channel flow over a flat 
smooth bed (Lopez and Garcia, 1999), but it is expected to behave differently under flow 
scenarios like the ones tested in this series. 
 
5.2.3. Larvae tracking 
Videos of larvae swimming past the in-stream obstructions were processed with Particle 
Tracking Velocimetry (PTV) codes in MATLAB® (based on Brevis et al. 2011). For every flow 
condition in each flume setup, 1800 consecutive frames (i.e. 1 minute data) were extracted from 
the videos to track the position of individual larvae over time (Figure 5.2). The PTV routine 
produced binary images, which were processed using Gaussian particle detection routines to 
obtain the centroid of each larva (x, z coordinates). In stage 38, although larvae are still very 
small, pigmentation in the eyes and back allowed reliable detection of each individual larva, by 
setting threshold levels of pixel intensities that contrasted with the white background. 
Algorithms of Cross-Correlation (CC) (Brevis et al. 2011, Uemura et al. 1989, Hassan et 
al. 1992) were implemented in the PTV codes to match identified larvae between consecutive 
frames. This algorithm tracks individual particles based on the highest cross-correlation 
coefficient within a square interrogation window with the size of the maximum expected 
displacement. The velocity associated with a matched particle is then estimated between pairs of 
consecutive frames, which we call in this study “larvae traveling speeds”, ut and wt for each 
component in the x and z directions, respectively. 
As we measured the distribution of flow velocities (U and W) at the same location with 
tracked larvae, we can estimate also larvae swimming speeds usw and wsw as: 
                                                              (5.6) 
                                                              (5.7) 
79 
 
these swimming speeds can be defined as “burst swimming speeds” that represent instantaneous 
escape reactions without maintaining a constant mean swimming speed for several tail beats 
(Müller and van Leeuwen 2004, George et al 2018). Burst swimming speeds were defined as 
positive if the larva moves against the flow, and negative in the same direction of the flow. 
 
 
Figure 5.2. Trajectories of larvae detected using the PTV codes. a) case of gravel bump for H = 
0.4 m. a) case of cylinder for H = 0.4 m. a) case of vegetation for H = 0.4 m (each colored line 
represents the trajectory of a single larva).  
 
5.3. Results and discussion 
5.3.1. Larvae preferential locations 
Centroids of larvae captured with PTV codes were used to generate maps of their spatial 
distribution on the field of view of each obstruction. Figures 5.3a-c show some samples of these 
spatial distributions for each case with H = 0.2 m and a disk-pump frequency of F = 15 [Hz]. 
Each pixel in these plots has a size of 1 x 1 cm and the color indicates the percentage of centroids 
detected in each pixel compared to the total amount of centroids detected in the field of view 
during 1 minute. In Figures 5.3d-f, we show the flow velocity fields at the same locations of the 
spatial distributions also for H = 0.2 m and F = 15 [Hz].  
In the cases of gravel bump and vegetation we observe a two-layer flow, high velocity on 
top of the obstacle, and low velocity within the obstructed region (Figures 5.3d and 5.3f). At the 
interface of the two layers, there is a mixing zone with increased levels of shear and turbulence. 
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This mixing zone was characterized by computing k and τxz using equations (5.1) and (5.2), 
respectively. Figures 5.4a,c,d,f and 5.5a,c,d,f show how k and τxz increase for all flow conditions 
compared to the other two layers. Further detail of the turbulence in all cases is presented as 
Supplementary Material, where we show scaled profiles of turbulent intensities urms/Us (Figure 
5.14) and wrms/Us (Figure 5.15). 
Larvae tried to swim towards the low velocity zone in the case of the gravel bump 
(Figure 5.3a), as they are subjected to lower drag forces in there than in the high velocity zone 
above it. Within this wake region, larvae were able to freely swim in any direction. In high-
velocity regions, however, larvae show a clear preference to swim against the current (Prada et 
al. 2020), in an effort to advance upstream. In our experiment setup, all larvae traveled 
downstream even for the slowest pump frequency (F = 10 [Hz]). 
 
Figure 5.3. Samples of spatial larvae distributions and mean longitudinal velocity U (m/s) on the 
field of view of each obstruction for H = 0.2 m and F = 15 [Hz]. Spatial larvae distribution for 
(a) gravel bump, (b) single cylinder, and (c) rigid vegetation. Mean velocity U for (d) gravel 




Figure 5.4. Non-dimensional Reynolds-stress profiles for all flow conditions in gravel bump at H 
= 0.2 m (a) and H = 0.4 m (d), single cylinder at H = 0.2 m (b) and H = 0.4 m (e) and rigid 






Figure 5.5. Non-dimensional turbulent kinetic energy profiles for all flow conditions in gravel 
bump at H = 0.2 m (a) and H = 0.4 m (d), single cylinder at H = 0.2 m (b) and H = 0.4 m (e) and 











The mean velocity fields for the gravel bump and the rigid vegetation (Figures 5.3d,f) 
look alike, but they result in a very different distribution of larvae (Figures 5.3a,c), showing that 
larvae do not respond solely to mean velocity. Even if rigid vegetation yields a region of low 
velocity, larvae preferred to swim above the canopy, facing higher speeds. Profiles of velocity 
and larvae distributions for the fastest case (F = 25 [Hz]) for both gravel bump and vegetation for 
both water depths (Figure 5.6) clearly show a different response, with larvae actively opting for 
low speed regions behind the gravel, but preferring higher speed regions above the canopy, 
consistent for both water depths investigated.  
The turbulence metrics, k and τxz, reveal further insight on the larvae distribution across 
the water depth (Figure 5.7). Comparing gravel bump (Figure 5.7a,e) to rigid vegetation (Figure 
5.7b,f) we see that magnitudes of k differ in about one order of magnitude between the gravel 
bump and vegetation cases for both water depths. However, the maximum stress, τxz, is about the 
same order of magnitude, and data show that larvae try to avoid areas with peak turbulent 
stresses (Figures 5.7c,d,g,h) for both gravel and vegetation. Larvae either swam below the 
mixing layer, or over it, even if it means facing higher drag forces in the high velocity zone 
(Figure 5.7d,h). 
Data from the fastest flow condition (Figures 5.6 and 5.7) show a response driven mostly 
by k and τxz rather than mean velocity. In order to identify whether a threshold exist which 
triggers such a response in larval behavior, we calculate the turbulence properties for all four 
flow conditions for gravel (Figure 5.8) and rigid vegetation (Figure 5.9). For gravel bump, we 
see that for F = 10 and 15 [Hz] larvae did not avoid swimming within and across the mixing 
layer (Figures 5.8a-b), as turbulence levels were low enough to allow undisturbed passage 
between layers. However, for F = 20 [Hz] when peak turbulence levels reached k = 1.0 m2/s2 and 
τxz = 20 N/m2, there was a notable reduction in the percentage of larvae swimming in the mixing 
layer (Figure 5.8c,g). Such a decrease persists with higher flows (Figure 5.8d,h). 
The profiles of vertical fluxes of turbulent kinetic energy (Qw) in Figures 5.8i-l and 5.9i-l 
showed that this parameter was not constant for our cases, as it is in the intermediate region of 
flows over flat-smooth beds (Lopez and Garcia, 1999). Instead, fluxes increased over the mixing 
layers as expected. This finding did not reveal further insight of larvae behavior as the profiles 
follow a similar trend of those of k and τxz. 
84 
 
For rigid vegetation, even if the magnitudes of k were one order of magnitude smaller 
than for gravel bump, we can also notice how the larvae distribution splits into the two flow 
velocity zones once the peaks exceeded k = 0.05 m2/s2 or τxz = 10 N/m2 for F = 20 [Hz] (Figure 
5.9c,g). 
 
Figure 5.6. Profiles of larvae spatial distributions (dashed blue line) and their respective mean 
velocity profile U (solid red line) for gravel bump at H = 0.2 m (a) and H = 0.4 m (c), and rigid 





Figure 5.7. Profiles of larvae spatial distributions and profiles of turbulence properties (k and τxz) 
for gravel bump and vegetation cases at F = 25 [Hz]. a) k for gravel bump with H = 0.2 m. b) k 
for vegetation with H = 0.2 m. c) τxz for gravel bump with H = 0.2 m. d) τxz for vegetation with H 
= 0.2 m. e) k for gravel bump with H = 0.4 m. f) k for vegetation with H = 0.4 m. g) τxz for gravel 








Figure 5.8. Profiles of larvae spatial distributions and profiles of turbulence properties (k, τxz, and 
Qw) for gravel bump case with H = 0.4 m for all disk-pump frequencies. a) k at F = 10 [Hz]. b) k 
at F = 15 [Hz]. c) k at F = 20 [Hz]. d) k at F = 25 [Hz]. e) τxz at F = 10 [Hz]. f) τxz at F = 15 [Hz]. 
g) τxz at F = 20 [Hz]. h) τxz at F = 25 [Hz]. i) Qw at F = 10 [Hz]. j) Qw at F = 15 [Hz]. k) Qw at F = 





Figure 5.9. Profiles of larvae spatial distributions and profiles of turbulence properties (k, τxz, and 
Qw) for vegetation case with H = 0.4 m for all disk-pump frequencies. a) k at F = 10 [Hz]. b) k at 
F = 15 [Hz]. c) k at F = 20 [Hz]. d) k at F = 25 [Hz]. e) τxz at F = 10 [Hz]. f) τxz at F = 15 [Hz]. g) 
τxz at F = 20 [Hz]. h) τxz at F = 25 [Hz]. i) Qw at F = 10 [Hz]. j) Qw at F = 15 [Hz]. k) Qw at F = 20 




5.3.2. Larvae swimming speeds 
Looking at preferential locations of grass carp larvae (in stage 38) within a variety of 
flow conditions and turbulence levels, we found that they avoided swimming in localized regions 
of increased turbulence after a threshold is reached. To better understand their response, 
however, we need to quantify their swimming capabilities. Larvae tried to swim upstream, but 
were still pushed downstream by the flow in all cases. To quantify their swimming speed on all 
the flow conditions investigated, we used PTV and PIV data to estimate horizontal and vertical 
burst swimming speeds (Figure 5.10, from equations 5.5 and 5.6). 
 
 
Figure 5.10. Larvae swimming speeds (a, from equation 5.5) are obtained by subtracting the 
travelling speeds (c, from PTV) from the time averaged velocities (b, from PIV), i.e. (a) = (b) – 
(c). Gravel bump at F = 10 Hz with H = 0.2 m shown.  
 
 
The 2D maps of horizontal and vertical swimming speeds (as in Figure 5.10a) were 
spatially averaged over the longitudinal (x) direction to obtain vertical profiles as a function of 
the water depth (Figures 5.11, 5.12, and 5.13) for all 3 cases (gravel bump, cylinder, and 
vegetation), for both water depths and all disk-pump frequencies. For gravel bump case (Figure 
5.11a,d) the horizontal swimming speeds increased within the mixing layer for all flow 
conditions up to reaching the same flow velocity (i.e., usw/U ~ 1). Even if within the mixing layer 
the flow velocity is not the highest across the water depth, the increased level of turbulence 
forced them to swim faster. For the cylinder (Figure 5.11b,e), most of the swimming speeds for 
both water depths were negative and some of them greater than the mean flow (usw/U < –1), i.e. 
they preferred to swim downstream with the direction of the flow to escape from the turbulent 
wake after the cylinder. For the rigid vegetation case (Figure 5.11c,f), rather than an increase of 
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swimming speed within the mixing layer as in the gravel bump, faster swimming speeds were 
measured on top of the canopy in response to higher velocities. 
Vertical profiles of vertical swimming speeds (Figures 5.12 and 5.13) for all 3 cases, at 
both water depths and all disk-pump frequencies show that, for gravel bump, there is an apparent 
increment of the vertical swimming speeds within the mixing layer, and larvae are able to 
overcome the vertical flow velocities (wsw/W > 1, Figure 5.12a,d) even up to 10 times faster, 
moving upwards above the layer and downwards below it (Figure 5.12a,d). However, when we 
scale the vertical swimming speeds with the vertical turbulent intensities (w’rms) we observe that 
larvae can actually get in trouble trying to get out of the mixing layer (Figure 5.13a,d). A similar 
behavior can be observed for vegetation, with larvae having difficulty to overcome the vertical 
turbulent intensities (Figure 5.13c,f). For cylinder, there is no specific trend in the distributions 
of the vertical swimming speeds (Figure 5.12b,e), but larvae could move easily in any direction 





Figure 5.11. Scaled horizontal swimming speeds as a function of the water depth for gravel 
bump at H = 0.2 m (a) and H = 0.4 m (d), single cylinder at H = 0.2 m (b) and H = 0.4 m (e), and 





Figure 5.12. Scaled vertical swimming speeds and their swimming direction, with positive values 
meaning upward swimming and negative downward swimming. (a) Gravel bump at H = 0.2 m. 
(b) single cylinder at H = 0.2 m. (c) rigid vegetation at H = 0.2 m. (d) gravel bump at H = 0.4 m. 






Figure 5.13. Scaled vertical swimming speeds and their swimming direction, with positive values 
meaning upward swimming and negative downward swimming. (a) Gravel bump at H = 0.2 m. 
(b) single cylinder at H = 0.2 m. (c) rigid vegetation at H = 0.2 m. (d) gravel bump at H = 0.4 m. 












We compared three different configurations, representative of in-stream obstructions 
commonly found in natural streams, to subject grass carp larvae to a variety of hydrodynamic 
forces of different magnitudes and scales. In one the of flume setups, we had a cylinder in the 
middle of the experimental section that created a turbulent wake (  for all of the 
incoming flow velocities. This obstacle generated distributed turbulence throughout the water 
depth provoking larvae to move away, i.e. downstream, to avoid regions of increased turbulence 
(consistent with data from Figures 5.7-5.9 for gravel bump and vegetation cases). Larvae 
seemingly avoid turbulence, in a possible effort to minimize energy expenditure (Müller et al. 
2000). This is consistent with the other two cases (gravel and rigid vegetation Figures 5.11-5.13) 
where the higher turbulence within the mixing layer forces larvae to swim faster, resulting in 
higher expenditures of energy (Müller et al. 2000). In contrast to the gravel and vegetation, the 
cylinder did not create any low-flow low-turbulence zone attractive for larvae. 
The gravel bump generated a recirculation zone with low levels of drag and turbulent 
forces, which larvae clearly preferred once the mean flow increased to levels that created an 
undesirable turbulence field for larvae in the mixing layer (k > 1.0 m2/s2 or τxz > 20 N/m2). A 
similar situation occurred for vegetation, where the mixing layer along the top of the canopy 
prevented larvae to swim there after turbulence exceeded 0.1 m2/s2 or 10 N/m2 in this case. 
Despite the similarity of the mixing layer between the gravel bump and the vegetation, 
differences in the coherent turbulent structures may explain the differences in threshold 
magnitudes that induced larvae response. In rigid vegetation there is the presence of stem eddies 
in the y direction within the canopy that are of the same size as the larvae (6-7 mm), and also 
some entrainment of the canopy-scale eddies as ah > 0.1. The gravel bump provided full shelter 
from high drag and turbulent forces, where larvae remained without much flow disturbances. 
This correlation between flow characteristics and larvae behavior can be intentionally used in the 
field to design in-stream structures that attract or repel larvae for specific zones as desired. In the 
case of grass carp, larvae can be attracted to zones where they can be easily harvested, or 
repelled from zones with food availability. 
Numerical models are also needed to forecast the spread of grass carp larvae in natural 
streams. By computing the swimming speeds we provided evidence that larvae do not simply 
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drift with the flow and behave as inert particles, but actually offer some resistance to the flow. 
They tried to swim upstream increasing their speeds up to the same horizontal flow velocity, and 
up to 10 times the vertical flow velocity, when they encounter zones of increased turbulence. 
Further research on a wider flume will allow us to predict lateral swimming capabilities as well, 
to have the full picture of larvae behavior. 
 
5.5. Supplementary material 
 
Figure 5.14. Scaled turbulent intensity (urms/Us) profiles for all flow conditions in gravel bump at 
H = 0.2 m (a) and H = 0.4 m (d), single cylinder at H = 0.2 m (b) and H = 0.4 m (e) and rigid 




Figure 5.15. Scaled turbulent intensity (wrms/Us) profiles for all flow conditions in gravel bump at 
H = 0.2 m (a) and H = 0.4 m (d), single cylinder at H = 0.2 m (b) and H = 0.4 m (e) and rigid 
















Our laboratory studies with live eggs and larvae of Ctenopharyngodon idella have 
advanced our understanding of relevant ecohydraulic interactions with invasive species:  
 
a) Grass carp eggs are heavy enough to sink to avoid predation at the surface, and light 
enough to stay in suspension with even low flows to avoid damage and burial, which provides 
them a survival and evolutive advantage. 
 
b) The spread across the water depth changes as fish develop, so they can be found at 
different locations depending on their developmental stage. Eggs drifted mostly near the bottom 
and were carried by the flow towards recirculation zones. 
 
c) A combination of higher shear and turbulence experienced by the eggs, along with 
abrasion sediment bed and fast moving suspended sediment particles increased the mortality as 
we observed in the flume, but relative contributions of each process are still unknown. 
 
d) Flow stresses were able to damage egg membranes and affect the embryo inside. Many 
abnormalities were observed in embryos for exposures to increased turbulence for periods as 
short as 10 seconds. The membrane of water-hardened eggs offered more resistance to flow 
stresses and more protection to the larva inside compared to the pre-water-hardened egg stage. 
 
e) Larvae after gas bladder emergence have the ability to remain suspended (swimming) at 
preferential depths and offer resistance to the flow, with swimming speeds proportional to the 
flow velocity. This ability allows them to escape from areas of higher turbulence levels. 
 





g) Larvae avoided the mixing layer over a gravel bump when turbulence exceeded k > 1.0 
m2/s2 or τxz > 20 N/m2. 
 
h) Our study with rigid cylinders allowed us to identify turbulence scales, as the stem-scale, 
which was close to the size of larvae and was not attractive for larvae. Each eddy would have the 
energy and momentum to transfer rotation over a submerged body of similar size. 
 
i) Our data suggest the possibility to design in-stream structures to direct larvae into 
particular areas to reduce or enhance recruitment, as desired, based not only on magnitude of 
turbulence, but also on its representative length scales. 
 
j) The study focused on grass carp, however results are likely applicable to other species of 
similar characteristics such as the bigheaded carps which are also undesirable invaders in North 
America, but at the same time are threatened by large dam construction in their native 
environment in China. 
 
These findings will allow better monitoring, management, and capturing plans in rivers. 
However, there is still work needed to directly adapt our research in predictive models, and 





Our studies focused on longitudinal and vertical motion of eggs and larvae. In order to 
better identify larval response to larger horizontal gradients, experiments on a large scale or in 
the field should be conducted to understand the lateral swimming capabilities of larvae, which 
still remain unknown. 
Some of the rising challenges in the control of invasive species in rivers are to predict 
their spread based on reliable parameters that can be easily-monitored, accurate, and low-cost in 
the field. Sampling of eDNA has been an effective technique for evaluation of aquatic species 
populations at large scales, and combined with physical understanding of larval advection and 
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dispersion, it could enhance the predictive power of existing models such as EFDC models 
coupled with the random walk particle tracking approximation. This kind of coupled models 
have been used for environmental applications such as the simulation of passive tracers (Zhu et 
al. 2017) and oil-particle aggregates (Zhu et al 2018), leading to refined predictions of particle 
transport as it allows the simulation of more realistic stream scenarios with in-stream structures, 
meanders, and lateral recirculation zones.  
EFDC models could also be used to simulate the dispersion of eDNA itself, for 
monitoring of invasive or endangered freshwater fish species or mussels. Analytical solutions for 
determining the concentration and temporal variation of point-source releases can also be 
coupled with the hydrodynamic model. However, the challenge with eDNA is that the genetic 
material can be found in forms of blood, feces, tissues, urine, mucous, etc, i.e. a variety of 
particles of different sizes or substances of different properties that can range broadly in their 
transport behavior (Shogren et al. 2017). In addition to this, these particles and substances can 
react or degrade as they are transported, and can be temporarily retained or entirely removed by 
physical storage and retention in the streambed (Newbold et al. 2005, Arnon et al. 2010). 
If the fundamental transport, mixing, reaction, and retention processes of eDNA in its different 
forms are uncovered, reliable numerical simulations can be performed, and its use will not be 
limited to qualitative detection for confirming presence-absence of a species somewhere in the 
fluvial network (Sansom and Sassoubre 2017). Instead, actual monitoring strategies can be 
implemented to identify where, when, and how many individuals exist in a fluvial system 
(Shogren et al. 2017). 
 
The gaps in our understanding of the processes mentioned above can be addressed 
through laboratory experiments and field campaigns. Lateral motion can be investigated in wider 
laboratory flumes, with configurations such as: 1) unobstructed flow, 2) groyne-like structure to 
create dead zones, and 3) patch of synthetic emerged vegetation covering half the channel width. 
All scenarios should be run for multiple flow rates to estimate thresholds of turbulence that 
would trigger the response of larvae, to determine spatial distribution on a horizontal plane, and 
to identify trapping or preferential swimming areas around the investigated obstacles. PTV 
systems should be installed to track larvae trajectories across the width of the flume. This will 
allow us to quantify percentages of larvae using the lateral structures and determine the time of 
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residence on those low-turbulence and low-velocity zones depending on their lateral swimming 
capabilities after gas bladder emergence and the drag forces of the incoming free-stream flow 
velocity. Estimation of residence times of larvae on side-stream structures based on lateral 
swimming capabilities will ultimately influence the overall longitudinal dispersion. 
Studies on eDNA should characterize the dilution and decay of genetic material in natural 
streams. This can be done on field where densities and diversity of native mussel communities 
can be characterized and identified. Sampling of eDNA should be accompanied with ADV 
measurements to quantify local mixing processes driving the dilution and decay of the genetic 
material. Extensive datasets are needed to determine best suitable models for mussel eDNA 
decay in their native environment to feed numerical models. 
A more integrative study would incorporate dilution and physiological processes into 
ecological transport models. Two different effects of the mixing and turbulence processes in 
open-channel flows can be implemented into ecological transport models from the data collected 
in the field and in the laboratory. The first effect is the dilution and decay of eDNA, and the 
second is the lateral swimming response of larvae. As current transport models do not consider 
these effects, new subroutines can be developed to improve dispersion predictions on natural 
streams. 
Data and models produced from these suggested studies can be employed by fellow 
scientists, engineers, managers, and entities such as US Army Corps of Engineers and the US 
Fish and Wildlife Service to not only to guide restoration and management efforts for 
endangered or invasive mussels and fish species, but to optimize monitoring strategies for any 
aquatic species. A specific application for monitoring invasive bigheaded carps trying to reach 
the Great Lakes Basin is needed in the Chicago Sanitary and Ship Canal (CSSC). The CSSC 
allows the traffic of commercial barges moving downstream through the electric dispersal 
barriers system. This traffic can facilitate the upstream passage of small fish through the barrier 
by reducing the voltage gradient of the barrier and causing localized upstream return currents 
(Davis et al. 2016, Davis et al. 2017, LeRoy et al. 2019). Numerical tools are needed to 
investigate the potential for entrainment, retention, and transport of early-life swimming fish 
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